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ABSTRACT

IDENTIFICATION AND ANALYSIS OF THE EXPRESSION OF THE

AFLATOXIN BIOSYNTHETIC GENES NOR-1 and VER-l IN THE

COMMERCIAL SPECIES ASPERGILLUS SOJAE AND A. 0RYZAE As WELL

AS TOXIGENIC AND NON-TOXIGENIC STRAINS OF A. FLA VUS

By

Matthew David Rarick

Aflatoxins are a group of highly potent, carcinogenic, secondary metabolites

produced by the imperfect fiingi Aspergillusflavus and A. parasiticus. Previous studies

have revealed that many species ofAspergillus have at least some ofthe genes involved in

aflatoxin production and, in some cases, are able to use them to produce intermediates of

the aflatoxin biosynthetic pathway. This study examined A. sojae (AS) and A. oryzae (A0)

(commercial species used in enzyme production) as well as four A. flavus strains (aflatoxin

producers 1059, 1273; non-producers 2112, 2115) for the presence ofthe aflatoxin

pathway genes nor-1 and ver-l, for aflatoxin production, and for accumulation ofnor-1

and ver-l transcripts. Southern hybridization with the DNA probes nor-1 and ver-l

confirmed the presence of similar or identical genes in each strain. The fungal strains were

then grown in duplicate to 48 and 72 hours as stationary and shake cultures in an aflatoxin

inducing grth medium. The media from one set of duplicate cultures was analyzed for

aflatoxin accumulation by means of enzyme linked immunosorbent assay (ELISA).

Aflatoxin production by the A. flavus producers was detected, though at reduced levels

compared to A. parasiticus SU—l, whereas, no toxin was ever detected from AS, A0, and

the Aflaws non-producers. The levels of aflatoxin produced in the stationary cultures
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ranged fi'om 25 to 30 times more (per mg mycelia) than in the shake cultures. The mycelia

were collected from the remaining set of duplicate cultures and the RNA extracted.

Northern hybridization analysis with nor-1 and ver-l probes showed that transcripts of the

predicted size were present in the A. flaws producers at both time points in stationary

cultures but lower levels were detected in the shake cultures. AS, A0, and the A. flavus

non-producers did not produce detectable levels of transcript ofthe predicted size at either

time point suggesting that nor-1 and ver-l are not expressed. Identifying how non-

toxigenic species differ from toxigenic species in the regulation of aflatoxin genes may

provide some clues about the origin of the aflatoxin biosynthetic pathway, and the causes

ofthe loss of toxin production in non producers. Ultimately, regulatory factors which

cfl‘ect aflatoxin synthesis may be identified and their production or activity manipulated to

eliminate aflatoxin production.
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Literature Review

Overview

The aflatoxins are a group of secondary metabolites produced by the imperfect

fungi Aspergillusflavus, A. parasiticus, and A. nomius. During the three decades since

their initial discovery, 17 different aflatoxins have been identified (McLean and Dutton,

1995). Some ofthese chemicals have been found to be extremely carcinogenic,

mutagenic, and teratogenic. Ofthese, aflatoxin B1 (AFBl) is the most potent (Ellis et a1,

1991) and, in fact, is the most potent naturally occurring carcinogen known (based on

animal studies) (Diener et a1, 1987; CAST, 1979). Ofthe remaining 16 aflatoxins,

aflatoxin Gl (AFG1) is the most toxic though it is far less reactive than AFBI. The

occurrence of aflatoxins in nature is dependant on where the fungal strains can grow. In

general, AFBl is more common than the other aflatoxins and again AFGl comes in a

distant second (Ellis et at, 1991).

The aflatoxins pose a health threat to all animals tested thus far. Adverse health

effects have been seen in rats, monkeys, turkeys, and trout (to name a few test species)

that have been fed a diet containing aflatoxins. This evidence has led to the hypothesis

that aflatoxins may be dangerous to humans as well. This threat is not a primary concern

in developed countries where foods found to be contaminated by aflatoxins can be

discarded, rather it is an economic concern due to wasted product. In non-developed
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countries food may be scarce, therefore, even if contaminated, the food is eaten causing a

potential health problem. Due to these two problems the elimination of aflatoxins from

the food chain is a desired goal.

Several methods have been considered to achieve this goal. Among them,

standard farming practices prior to harvest, and post harvest decontamination (to name a

few) have been investigated and deemed unfeasible for reasons to be discussed later. One

potential method being explored to eliminate aflatoxins is increasing host plant defenses by

manipulating them genetically.

The Genus Aspergillus

P.A. Micheli first described species ofAspergillus in 1729 (Bossche et al, 1987;

Micheli, 1729). He noted that the species ofAspergillus can be morphologically

characterized by aerial hyphae rising out of septate mycelial cells. At the tip of each hypha

there is a vesicle to which numerous sterigma are attached. Chains of conidia (spores)

form from these sterigma (Figure 1a)(Bossche, 1987). The spores are cells which are

dispersed via the air to allow propagation of each species. Micheli derived the name

Aspergillus from the name aspergillum, a holy water sprinkler, due to the striking

similarity in appearance (Figure 1b, c). Since Micheli’s description the genus has grown.

Work by Raper and Fennel identified 132 species in 1965 (Smith, 1994; Raper and Fennel,

1965). In 1984 Christensen and Tuthill proposed a total of 276 species and varieties in the

genus Aspergillus (Smith, 1994; Cristensen and Tuthill, 1984). These species and

varieties have been placed into 18 groups (for fast characterization) based on

morphological and cultural characteristics.



Figure 1. Diagrams ofAspergillus. A) Diagram of conidiophore structure typically

found in Aspergillus spp. B) First drawings of observed Aspergillus by Michelli. C) An

aspergillum - a holy water sprinkler (Bossche, 1987).
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Many species within Aspergillus are ofgreat importance to humans. Some species

are beneficial. For example, some strains of A. sojae and A. oryzae have been used in the

fermentation of shoyu (soy), miso, and sake for hundreds ofyears (Bossche, 1987; Smith,

1994). Also used in the food industry are enzymes such as rat—amylase, glucoamylase, and

lipase which are produced by strains ofA. niger, A. oryzae, and A. malleus respectively

(Smith, 1994) (Table 1).

Table 1. Some industrial Aspergillus species and the enzymes they produce (adapted

from Smith, 1994)

A. awamori

A. japom'cus

A. niger

A. niger

. niger

. niger

. niger

E
m
m
a
.

. niger

A. niger

A. oryzae

Aspergr’llus species

Aspergillus species

Glucose oxidase

Glycerol oxidase

Amyloglucosidase

B-Glucosidase

B-Galactosidase

Catalase

Lipase

Metalloproteinase

Pectinase

a-Amylase

D-Glucanase

O-Glucose dehydrogenase

By contrast, other species ofAspergillus are known to be harmfirl to humans. One way is

the ability of some Aspergillus strains to cause pathogenic diseases in humans. The most

common example of pathogenic Aspergillus is A. filmigatus (Bossche, 1987). Other
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species are hannful in that they produce toxic compounds. Species such as A. ochraceus,

A. parasiticus and A. flaws, and A. versicolor present problems in that they produce the

mycotoxins ochratoxin A, aflatoxins B1 and G1, and sterigrnatocystin respectively (Figure

2). Each ofthese toxins has been hypothesized to be toxic to humans (Bossche, 1987).

 
Afiatoxin G1 Sterigmatocystin

Figure 2. Structures of four important toxins produced by species ofAspergillus

Sources of Aflatoxin Production

The aflatoxins were initially identified in the 1960's as the causative agent of a

deadly epidemic of turkey polts. This disease, known as Turkey “X” disease, claimed the

lives ofmore than 100,000 turkeys. The vehicle of intoxication was found to be A. flavus

contaminated feed (Ellis, 1991; Buchi and Rae, 1969). It was later discovered that

aflatoxins are metabolic products of certain strains ofA. flavus. Since then it has been
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shown that all known strains of A. parasiticus, with one exception, also produce

aflatoxins (CAST, 1989). A. flaws and A. parasiticus were generally accepted as the only

aflatoxin producers until recently. A report by Kurtzman described a third species capable

of producing aflatoxins-A. nomius (Kurtzman et a1, 1987).

A. flaws spores are generally smooth, thin walled, and variable in shape - ranging

fi'om spherical to ellipsoid (Pitt, 1993). According to the ATCC, 29 isolates ofA. flavus

produce aflatoxins. It has also been reported that all ofthese isolates produce the B

aflatoxins (ATCC, 1991). Six isolates (ofthe 144 reported in the 1991 ATCC catalogue)

are reported to produce aflatoxins G1 and G2 as well. Strains of this species also produce

toxins other than aflatoxins. One ofthe most important ofthese toxins, with respect to

the food industry, is cyclopiazonic acid. The importance of cyclopiazonic acid is not due

to its potency (which pales in comparison to that of aflatoxin) rather it stems from the fact

that large quantities are produced after the fungus has colonized food products. Some

strains ofA. flavus have even been described in pathogenic infections causing acute

aspergillosis (Bossche, 1987) in immunocompromised persons.

The strains ofA. parasiticus difl‘er morphologically from those ofA. flavus in that

A. parasiticus spores have thick, rough walls that are uniformly spherical (Pitt, 1993).

There are fewer reported isolates (39), and all but one of the strains produce aflatoxins.

The exception is a strain that produces o-methylsterigmatosystin (ATCC, 1991), a toxic

precursor of aflatoxin. These strains produce B aflatoxins (B1 and Bl) as well as the G

aflatoxins (G1 and G1) - all four major aflatoxins. A. parasiticus also produces aspergillic

acids and kojic acid which are not considered to be important toxins in the food industry.

A search ofthe Medline, Agris, and Toxline literature databases did not indicate that A.
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parasiticus has been implicated in pathogenic infections.

A. nomius is very difficult to distinguish from A. flavus because it too produces

spores with smooth, thin walls of variable shape (Pitt, 1993). This species produces

sclerotia which is the only morphological feature used to separate it from A. flavus (Pitt,

1992). A. nomius, like A. parasiticus, is able to produce the B and G aflatoxins and can

serve as a fair indicator to distinguish A. nomius from A. flavus.

An indirect source of aflatoxins (via foods) is dairy cows. The use of aflatoxin

contaminated crops as feed for cows results in the metabolism of aflatoxin Ml (a

hydroxylated form of AFB.) by cows. This aflatoxin is found in the milk and meat that the

cow produces. This contamination poses obvious potential health risks to human, most

notably to infants consuming milk.

Prevalence of Afiatoxin Producing Strains

A. flavus, A. parasiticus, and A. nomius are considered ubiquitous in nature. That

is they grow in many different environmental conditions and on various substrates. This is

due to the fact that they are typical fungi and, therefore can grow over wide ranges ofpH,

temperature, and water activities (Cotty et al, 1994). The versatility ofthese aflatoxin

producing fungi make them dangerous because they are able to grow on many food

commodities. These commodities include cotton, cottonseed, corn, and peanuts. Growth

ofthese fungi on these crops is opportunistic. This means that growth occurs on plants

that are damaged in some way. Corn, for example, may be damaged before (by insects),

during (by farming equipment), or after (handling practices/storage) harvest. As few as

one damaged kernel can allow colonization by Aspergillus (Cotty et al, 1994).
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Subsequent dispersion of spores can occur at any time from growth in the field through

processing, thereby increasing the potential for contamination. The colonizing fungus may

or may not be an aflatoxin producer (as some strains ofA. flaws do not produce

aflatoxins) but the presence ofthe fungus can be sufficient for rejection of the crop.

Conditions for Fungal Growth and Aflatoxin Production

In general, strains ofA. flaws and A. parasiticus grow optimally under similar

conditions. The optimum grth temperature is between approximately 25 °C and 30°C.

Aflatoxin production takes place optimally around 29 to 30.5 °C. The second most

important growth factor is the relative humidity. For A. flaws and A. parasiticus a

relative humidity between 88 and 95% results in optimal growth (Ellis, 1991; Bullerrnan,

1979)

Biological Effects of Aflatoxins

Many studies have been undertaken to determine the effects of aflatoxin poisoning

on animals. It has been noted that while there are vast differences in susceptibility from

species to species, those tested thus far are adversely affected by aflatoxins (Table2). The

variations seen are caused by many factors including age, sex, nutritional status, health,

and differences in activation and detoxification systems in the hosts cells.

Aflatoxins in their native form have low toxicity. After ingestion they are

converted (activated) to a more toxic form and begin to exert their effects. The major

method ofconversion is by cytochrome P450 binding of an aflatoxin molecule (Massey et

al, 1995; Gurtoo and Dave, 1975; Essigmann et al, 1982). This binding leads to the toxic
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form ofAFB, via conversion ofthe double bond in the furan ring to an epoxide (Figure 3).

Table 2. Sensitivity ofDifferent Species to Aflatoxin B, fed Orally (adapted from

Ellis et al, 1991)

 

Species LDso (mg/kg body weight)

Rabbit 0.3

Cat 0.55

Rainbow Trout 0.8

Dog 0.5 - 1.0

Guinea Pig 1.4 - 2.0

Baboon 2.0

Chicken 6.3

Rat (male) 5.5 - 7.2

Rat (female) 17.9

Mouse 9.0

 

AFB1 8.9-epoxide

Figure 3. Structure ofthe highly reactive epoxide form of aflatoxin B,.

The 8,9-epoxide is highly reactive and capable of covalently binding to macromolecules

such as DNA and proteins (via the hydroxylated AFB”) (Eaton and Groopman, 1994;

Dvorackova, 1990).
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In the case ofDNA binding, the reactive aflatoxin molecule shows an affinity for

binding to the NI position ofguanine bases (Massey et a1, 1995; Harrison and Garner,

1991; Ball et al, 1990). The binding ofDNA is postulated to be responsible for the

mutagenic and carcinogenic effects ofaflatoxins. Two methods ofmutation exist after

binding to DNA. The first method is disruption of replication and/or transcription due to

the altered structure ofthe DNA (Hsieh, 1987). It is clear that disruption ofbinding by or

processivity of polymerases (both DNA and RNA) are major concerns caused by

structural alterations. The second method is that AFB,-DNA adducts formed can result in

GC-DTA transversions during replication (Croy and Wogan, 1981). These transversions

may lead to inactive protein molecules and possibly death ofthe cell depending on the

importance ofthe altered gene. Another fate caused by transversion is the mutation ofthe

p53 tumor suppressor gene. Studies have shown that the carcinogenic effects of aflatoxins

result from a specific mutation of codon 249 ofthep53 tumor suppressor gene (Massey,

1995; Bressac et al, 1991; Hsu et a1, 1991).

Protein binding by aflatoxins also poses two threats. The most obvious ofthe two

is that binding can cairse conformational changes of proteins. By disrupting the folding of

an enzyme the catalytic site of that enzyme may lose some or all of its activity. The

second threat is the binding of aflatoxins by proteins which carry them to the nucleus.

Obviously, this increases the possibilities ofDNA binding (Massey et al, 1995).

Removal ofthe reactive epoxide form of aflatoxin is accomplished predominately

by a glutathione S-transferase (GST) system. This system can be found in the cytosol and

microsomes. GST catalyzes the conjugation of activated aflatoxins with reduced

glutathione. This conjugation leads to the excretion ofthe activated aflatoxin (Neal and
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Green, 1983). The GSTs are composed of alpha, mu, pi, theta and microsomal classes.

The activity ofeach class varies fiom species-to-species. Variation in activity ofthe GST

system combined with the variation in activity ofthe cytochrome P450 activation system

confer species differences in susceptibility to aflatoxins.

Aflatoxicosis

The disease caused by aflatoxin intoxication is aflatoxicosis. This disease can be

broken down into three types based on its severity which is often determined by the levels

of aflatoxins consumed. Acute and chronic aflatoxicoses result from consumption of high

and intermediate levels of aflatoxins respectively. Acute aflatoxicosis results in death

whereas chronic results in a reduction ofgrowth rate and reproduction. Acute and

chronic aflatoxicoses are considered subdivisions of primary aflatoxicosis. Both ofthe

primary aflatoxicoses can be characterized by adverse effects seen in the liver, lungs, and

sometimes the kidneys. Secondary aflatoxicosis results from low levels of aflatoxins. The

major symptom of secondary aflatoxicosis is the weakening ofthe immune system. This

leads to the inability of animals to defend themselves against invasion by pathogens and

also hinders attempts at vaccination (Ellis et al, 1991; Piers et a1, 1979). It is interesting to

note that the effects of secondary aflatoxicosis may be cumulative. This would present the

problem that no level of aflatoxin consumption is acceptable and that aflatoxins are a

major health concern not only in third world countries but also developed countries.

The Aflatoxin Health Hazard

A major controversy has developed with respect to whether or not aflatoxins are,

in fact, a health hazard to humans. The origins ofthis controversy can be identified as the
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1) differences in susceptibility from one test animal to the next and 2) the high incidence of

other health risks in areas along with aflatoxins. Obviously, no direct experiments have

been carried out using human test subjects, leaving this question to be resolved with data

from test animals. Differences between activation-detoxification systems have led to

variable data from species to species (though the data do indicate that all test animals have

shown adverse efl‘ects). Because ofthese difl‘erences it has been difficult to extrapolate

the possible efl‘ects aflatoxins may have on humans. Outbreaks of liver cancer involving

human populations, however, have helped to substantiate the circumstantial evidence

obtained from test animals. Major outbreaks of hepatic cancer believed to be caused by

aflatoxin consumption have occurred in India (Hsieh, 1986), China (Bressac et al, 1991),

and Africa (Hsu et al, 1991). Opposing these data is the beliefthat primary liver cancer is

the result of infection by hepatitis B virus (HBV) which is present in areas of high

incidence of aflatoxin consumption (Stoloff, 1989).

Tests have shown that there are two major organs affected by aflatoxins: the liver,

and the lungs. The liver is the site ofthe major AFB, activation system (cytochrome

P450) and, therefore is the major organ affected by aflatoxin poisoning. Poisoning of test

animals’ livers has resulted in hepatic cancer.

An alternate route leading to lung aflatoxin exposure is via inhalation of dust and

grains infested with aflatoxins which poses a threat to farm workers. Symptoms of

aflatoxin poisoning ofthe lungs include cancerous growths and congestion (Moreau and

Moss, 1979). The effects of aflatoxins on the lungs were shown following an incident in

which several persons in Southeastern Asia died after consuming a diet containing

aflatoxins. Aflatoxin-DNA adducts were revealed in the lung tissue ofthese victims
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(Harrison and Garner, 1991). Other studies, using human cell lines, demonstrated the

ability of lung cells to activate AFB, in the same manner as liver cells (cytochrome P450)

(Autrup et al, 1979; Stoner et al, 1982; Manda], 1987).

Methods of Controlling Aflatoxin Production

Many methods for controlling aflatoxins have been investigated. Among these

methods are standard farming practices, biocompetition, and increased host defense

mechanisms. Standard farming techniques entail thorough irrigation, carefirl harvesting

practices and special environmental storage. In areas of persistant drought, adequate

irrigation, let alone thorough, may be impossible. Even in countries where drought is not

a problem thorough irrigation is deemed unfeasible due to the high cost of such a practice.

Aside from the availability and cost problems ofthorough irrigation there is the needs of

different crops for different grth conditions. For example, the final stage (ripening) of

peanut grth is characterized by drought stress. Obviously, irrigation of peanut crops

during this stage would be detrimental to the final product. Carefirl harvesting practices

are designed to reduce contamination by reducing the damage to and, consequently the

susceptibility of crops. These practices do not ensure a reduction of contamination

because it does not account for the damage of crops by insects. Another problem with

carefirl handling practices is the cost ofimplementing them. This would be the result of

slower harvesting and/or increased number ofworkers. Special environmental storage

conditions describe the method of storing crops in silos that have controlled humidity and

temperature. This method is capable ofpreventing both grth ofand toxin production

by fungi. The major problem with this method is once again money. To set up and
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operate such a system costs far more than it may be worth. Also, this method is not able

to stop grth by all strains at all times because ofthe ubiquity ofthe strains.

Biocompetition is a control method that has received much attention in recent

years. This method involves seeding the soil of a field with a non-toxigenic strain early in

the growing season. The hope is that this non-toxigenic strain will grow faster than the

toxigenic strains thus excluding their growth. This method does not propose to introduce

more fungal growth in the field, it simply aims to replace growth oftoxigenic fungi with

non-toxigenic fungi. Studies have shown (Cotty et al, 1990; Horn et al, 1994; Ehrlich,

1987) that this effect can be seen when applied to test plots. Domer et al (1992) reported

that the application of a competitive strain can decrease the total growth of other strains

and total production oftoxin. This “inhibitory” effect increased for as many as four years.

At least two problems exist with this method of control. The first problem is the selection

of strains for particular farming regions. The fungi that produce aflatoxins are ubiquitous

in nature. Each strain, however, is suited to grow optimally in a particular set of

environmental conditions (climate). This means that a strain which grows better than

others in one climate may not be able to grow better than those same strains in another

climate. In fact, it may be entirely possible that that same strain will not be able to grow at

all in the second climate. In relation to this problem, fluctuations in climate (within a

region) must be considered when selecting a biocompetitive strain. Changes in climate

from year-to-year within the same region may have the same affect as described for

differences between regions having different climates. Selection of a strain may not be a

problem if the field is seeded with high numbers ofthe control strain at an early enough

time in the growing season. The second problem encountered when using this method is
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the fact that it does not reduce the contamination of crops by firngal growth. Inherently,

this method requires contamination. Because a crop can be rejected on the basis of fungal

contamination this method does not eliminate one ofthe main concerns generally ascribed

to aflatoxin production - economic.

Increased host defense mechanisms refers to the ability of a plant to defend itself

against colonization and/or production of toxin by fimgi. Chemicals have been identified

that inhibit growth and/or toxin production. By use ofmolecular techniques the effects of

inhibitory chemicals can be characterized at a genetic level. These methods may show that

an inhibitor acts at the biochemical pathway which is responsible for the production of

aflatoxins. Alternatively, they could show that an inhibitor may act as a firngicide thus

preventing grth ofthe fungus. If the production ofthese chemicals can be incorporated

as a host plant defense mechanism then it is possible that the colonization by or production

oftoxin can be reduced. Problems that exist with this strategy are the identification of

inhibitors, the number of possible crops that would need modification, and the reception of

this method by the public. The first problem can be addressed by trying to find inhibitors

produced by the crop itself - which would be preferred. For example, peanuts produce

5,7-dimethoxyisoflavone. When extracts of this compound are applied to developing

plants in the presence of toxigenic A. flavus spores grth ofthe fungus is greatly reduced

(Turner et al, 1975). Increasing the production of this inhibitor by modifying its regulation

may adequately protect peanut crops. The second problem may be resolved by the

possible solution ofthe first. If each crop naturally produces an inhibitor of either growth

or toxin production, the modification of each crop may be similar for many ofthe crops.

The final problem is typically defined as a mistrust of genetics by the public. Past attempts
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to market products that have been associated with genetic modification, such as the fi'ost

free strawberry, have met much resistance. A way around this problem may be breeding

natural producers of inhibitors to express those inhibitors at higher levels, this solution is

dependent on the resolution ofproblems one and two. Nevertheless, the marketing of

such products will be highly dependant on education ofthe non-scientific community.

This education must start with regulators to ensure that reasonable (as opposed to

excessive) precautions/warnings are assigned to these products. In this way a paranoia by

the general public can be avoided to some extent. Ultimately, the public will decide on the

feasibility ofmodified products. It is easy to confuse persons on complicated issues.

Terms such as “antisense RNA” and “gene inactivation by deletion” are not likely to

become household jargon any time soon. People will always be able to introduce some

doubt, confusion or even fear of these kinds of products. The advent ofthe flavor savor

tomato was a step in the right direction but to continue that progress a spokesperson or

committee aimed at educating the public about new products should be formed.

Short Term Goal

Clearly, the long term goal of aflatoxin research is to eliminate aflatoxins from the

food chain. The work presented in this paper takes a molecular approach toward

achieving this goal. The main focus of this work was to characterize growth, aflatoxin

production, and the presence of aflatoxin genes and transcripts by and in several species of

Aspergillus. The strains selected for this study include one A. parasiticus, two A. flavus

aflatoxin producers, two A. flavus suspected aflatoxin non-producers, one A. sojae

suspected aflatoxin non-producer, and one A. oryzae suspected aflatoxin non-producer.
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At the beginning ofthis project, it was hoped that characterizing the differences between

these strains might lead to clues as to why some strains produce aflatoxins whereas others

do not (even ifthey have the aflatoxin genes). With this kind ofinformation it may be

possible to genetically modify toxigenic strains in such a way that they behave like non-

toxigenic strains. It was also hoped that we could determine if industrial strains

(represented by A. sojae and A. oryzae) also possess the biosynthetic pathway for aflatoxin

production. At the moment it is unknown why some strains produce aflatoxins whereas

others do not (this referring to A. flavus more than A. parasiticus or A. nomius). It is

thought that the inability of some strains to produce aflatoxins is brought about by

mutations to regulators ofthe pathway rather than enzymes ofthe pathway. Several

studies have shown that disrupting enzymes results in an accumulation oftoxic aflatoxin

precursors. Disruption ofgenes such as nor-1 (Trail et al, 1994), ver-l (Skory et al,

1992), and amt-1 (Yu et al, 1993) result in an accumulation of norsolorinic acid,

versicolorin A, and sterigrnatocystin, respectively. Three genes afl-R (Payne et al, 1993),

fax-1A (Mahanti et al, 1996), and pksA (Chang et al, 1995) have been disrupted without

an accumulation of precursors. It has been hypothesized that the afl-R is a regulator

though its mechanism of action has not been shown.
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Materials and Methods

Strains and Culture Conditions

Growth conditionsfor dry weight, aflatoxin andRNA extraction

Seven strains ofAspergilIus were used in this study. A. parasiticus NRRL 5862

(SU-l), A. flaws SRRC 1059 (1059), and A. flavus SRRC 1273 (1273) comprised the

aflatoxin producing strains. A. flavus SRRC 2112 (2112), A. flavus SRRC 2115 (2115),

A. oryzae ATCC 14895 (A0), and A. sojae ATCC 42251 (AS) were the suspected

aflatoxin non-producers.

Cultures of each strain were grown in duplicate by inoculating 100ml ofReddy’s

medium (in 250ml flasks)(Reddy et al, 1971) with 107 spores per flask. Each pair of

cultures was allowed to grow in the dark at 29°C while stationary or shaking at 150 rpm

(in a New Brunswick G-25 floor model shaker). Two time periods ofgrowth were

selected, 48 and 72 hours, based on the fact that the aflatoxin gene transcripts are not

easily detectable before 48 hours and begin to degrade at some time between 72 and 84

hours (Skory et al, 1993). It should be noted that the aflatoxin gene transcripts may be

produced earlier than 48 hours but insufficient cell mass (for RNA extraction) was

available before that time in the stationary cultures. At the end of the grth period the

contents ofthe flasks were vacuum filtered using a Buchner funnel and mira cloth. For

every flask, five ml ofgrowth medium were removed and stored at -20°C prior to ELISA

analysis for aflatoxins. From the first flask of each pair the mycelia were scraped from the

mira cloth and dried under vacuum at 80°C for one hour. The mycelia from the second
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flask were also scraped ofi‘the mira cloth but this material was halved for RNA extraction

and aflatoxin extraction (for ELISA analysis).

Growth conditionsfor DNA extraction

Approximately 107 spores were inoculated into 100ml ofyeast extract (20g/l)-sucrose

(60g/l) medium (YES) in a 250ml flask. The flasks were incubated for 48 hours in the

dark at 29°C while shaking at 150 rpm.

Spore preparationprocedure

One hundred fifty ml ofPotato Dextrose Agar (PDA) were solidified in a one liter

Brockway glass bottle and inoculated by streaking spores across the agar surface with a

sterile loop. The cultures were allowed to grow for 10 days at 29°C in darkness. The

spores were harvested by aseptically pouring approximately 50 - 100ml of sterile water

into the bottle followed by the addition of a sterile magnetic stir bar (Baxter). The bottle

was then placed on a NuovaII stir plate to remove the growth from the agar. The

contents (excluding the stir bar) of the bottle were poured into a 60m] Tuberculin syringe

(Becton Dickinson & Co.) containing a plug of sterile glass wool (Pyrex). The growth

suspension was allowed to filter through the syringe and glass wool (the spores passed

through the glass wool but the mycelial fragments were retained) into a 250ml GSA bottle

(Sorvall). At the same time another 50 ml of sterile water was added to the bottle to

remove any growth that may still have been in the bottle. This suspension was also added

to the syringe. The contents ofthe syringe were then compressed with the plunger to

remove as much liquid (presumably containing spores) as possible. The GSA bottle was

then centrifuged in a RC2 (Sorvall) centrifuge at 5856xg for 10 minutes at 4°C. The

supernatant was carefully poured off and the pellet was suspended in approximately five
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ml of sterile 20% glycerol (Boehringer Mannheim Biochemical). Ten pl ofthe sample was

used to determine the concentration ofthe suspension using a hemocytometer and bright

field microscope (American Optical). The spore suspension was finally distributed to

1.5ml micro centrifuge tubes and stored at -80°C until used.

Extraction of Genomic DNA

Extraction ofgenomic DNA was performed by grinding mycelia in a mortar using

a pestle and liquid nitrogen, followed by two phenol-chloroform extractions and ethanol

precipitation (Ausubel et al, 1987; Skory, 1992).

Southern Hybridization Analysis

Genomic DNA was cut with restriction enzymes (Boehringer Mannheim

Biochemical) and electrophoresed on a 1% agarose gel for four hours at 80 volts.

Following electrophoresis the DNA was transferred to Nytran (S&S) nylon membrane

using the method ofManiatis (1989). Southern hybridization analysis was performed at

42°C for 16 hours (in a Robbins Hybridization Incubator 310) using the labeled (”P) nor-

1 (1 .5-kb EcoRI/CIaI fi'agment ofpNA17) and ver-lA (1.8 -kb EcoRI/SalI or 0.7-kb

EcoRI/BamI-II fragment ofpBSV2) genes from A. parasiticus NRRL 5862 as probes.

The membranes were washed twice for 15 minutes with 2X8SC, 0.1%SDS at room

temperature followed by a one hour wash at 65 °C using a 0.1XSSC, 0.1% SDS buffer.

Autoradiography was performed with Kodak XAR-S film at -80°C.
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Extraction of Aflatoxins from Mycelia

Aflatoxins were extracted from mycelia by adding five ml of 100% methanol to

halfthe mycelial contents ofone growth flask. The methanol-mycelia samples were

agitated briefly and then allowed to stand for at least one hour prior to removing the

methanol which was then stored at -20°C until needed for thin layer chromatography

(TLC) or ELISA analysis for aflatoxins (Dvorackova, 1990).

ELISA Analysis for Aflatoxins

Direct competitive ELISA analysis was performed by the method ofPestka

(1988). The polyclonal antibody, 5C11, (directed against AFB,) and the aflatoxin-

peroxidase conjugate, 80B, were kindly provided by Dr. James J. Pestka. A 1:500 dilution

ofthe antibody as well as the aflatoxin-peroxidase conjugate were used. Aflatoxin

standards were prepared with an aflatoxin B,, B2 mixture (Sigma Chemical Co., St. Louis,

MO) which was dissolved in 100% methanol. Some of this stock was diluted to one ng/ul

for preparation ofthe standards (0.5, 1.0, 5.0, 10, 50, and 100 ng/ml) used in the

procedure. The absorbance of each well of the microtiter plates was read using a Vmax

spectrophotometer (Molecular Devices) using Softmax Software running on an IBM

model Z50 computer.

Extraction of Total RNA

Total RNA was extracted fiom approximately 1.5 g ofwet mycelia (if available) by

the hot phenol method ofMaramatsu (1973).
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Northern Hybridization Analysis

Forty ug oftotal RNA were electrophoresed on a denaturing formaldehyde

agarose gel (0.8%) at 75 volts for 3 .5 hours. The RNA was then transferred to Nytran

plus nylon membrane (S&S) by the method ofManiatis (1989). The membranes were

then probed for 16 hours at 42°C using the labeled (32F) DNA fragments in Table 3. The

membranes were then washed. Autoradiography was performed with Kodak XAR-S film

at -80°C.

Table 3. Gene fiagrnents used in Northern Hybridization analysis

 

Gene Plasmid Restriction enzyme(s) Size offiagment

a -R SacI fragment EcoRI 0.5 -kb

B-tubulin pAPBENK SacI - KpnI 1.0 -kb

nor-l pNA-17 HindIII - ClaI 1.0 -kb

pksA pAPNVES4.3 EcoRI - SacI 4.3 -kb

pyrG pPG3J PstI 1.2 -kb

ver-l 2.1-kbver BamHI - EcoRI 0.7 -kb

Thin Layer Chromatography (TLC)

Thin layer chromatography was carried out to resolve aflatoxins for qualitative

purposes. Whatman Silica plates (cat#05713264) were spotted with lO,uL of sample and

250ng of aflatoxin B, standard (Sigma). The plates were then placed in a chamber

containing chloroform (1T. Baker) and acetone (Mallinckrodt) at a ratio of 95:5. The

samples were resolved for 45 minutes. The plates were removed and allowed to dry, and

then viewed under long wave UV light. The appearance ofblue bands which comigrated
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with standard indicated the presence aflatoxin B,.

Precautions When Handling Aflatoxins

Because aflatoxins are potent carcinogens the handling and disposal ofthem are

must be carefully executed to avoid exposure. Whenever a container with aflatoxins

(whether in liquids or cells) was handled a laboratory coat and gloves were worn.

Grinding ofmycelia (during DNA and RNA extractions) results in particulate “mycelial”

dust, therefore, this procedure was carried out in a biological hood and a mask was worn.

Disposal of aflatoxins involved chemical inactivation. This was accomplished by treating

all aflatoxin contaminated containers, grth media, and cells with a 5% bleach solution

(final concentration) for at least a half hour. Acetone was then added to a concentration

of 5% to stabilize the reaction.
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Results

Southern hybridization analysis

Southern hybridization analysis using high stringency washing conditions was

conducted on genomic DNA extracted from A. parasiticus SU-l (wild type) by Skory

(1992). Several restriction enzymes were used to cut the DNA before being probed with

(”P) ver-lA and (”P) nor-l DNA probes. Nine ofthe enzymes used (known not to cut

within the ver-lA) produced two DNA fragments capable of hybridizing the ver-lA DNA

probe. The BamI-II digest produced four bands even though it was known only to out

once within ver-lA. These data led to the identification of a second copy ofthe ver-lA

gene in A. parasiticus - called ver-lB. Nucleotide sequence analysis of ver-lB

demonstrated that it is 93% identical to the ver-IA at the nucleotide level (Liang et al,

1994). Furthermore, a translational stop codon was reported early in the ver-lB coding

sequence prompting the belief that this gene produces a truncated protein with little or no

function. Hybridization of these same digests with the nor-1 probe indicated that only one

copy ofnor-l is present in A. parasiticus based on the fact that no unexpected bands were

identified (Skory, 1992).

Southern hybridization analysis using was conducted on BamHI digested genomic

DNA of several Aspergillus spp. (both aflatoxin producers and aflatoxin non-producers) in

order to determine ifgenes similar to ver-lA and nor-1 could be identified in these

species. Only A. versicolor and A. tamarii failed to hybridize with either probe whereas A.

nidulans hybridized with the ver-lA probe but not the nor-1 probe under high stringency
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conditions. For the rest ofthe species investigated the probes hybridized to only one

DNA fragment each suggesting that only one copy of a gene similar to ver-lA and one

similar to nor-1 is present (Skory, 1992). These data suggested that the aflatoxin genes

are not present soley in aflatoxin producing strains. The aflatoxin non-producing strains

included three A. sojae and one A. oryzae. These findings are of particular interest due to

the industrial use of some strains ofthese species in fermentations.

Rayard Thomas, in our laboratory, conducted further Southern hybridization

analyses on HindIII restricted genomic DNA isolated from the following A. flavus strains:

SRRC 284 (afl'), SRRC 285 (afl'), SRRC 2112 (afl‘), SRRC 2115 (afl‘), SRRC 1000A

(afli), SRRC 1059 (afl+), and SRRC 1273 (afli). Using a 0.7-kb (EcoRI-BamI-II)ver-1A

probe, Thomas was able to show that all but one ofthe strains contain a single ver-lA-like

sequence of approximately 15.4-kb in size (unpublished data). SRRC 2112, however,

produced two bands of equal intensity corresponding to approximately 15.8 and 13.8-kb

(Figure 4). These findings suggested that 2112 (like SU-l) may contain two copies Ofthe

ver-lA like sequence. One theory as to why nearly all A. parasiticus strains produce

aflatoxins is due to duplications ofgenes in the A. parasiticus aflatoxin pathway. In

theory, this would make A. parasiticus more resistant to mutations than A. flavus due to

redundancy. SRRC 2112 is a suspected aflatoxin non-producer. If it does have multiple

copies ofthe ver-lA sequence this may suggest that non-producers have gene duplications

similar to the A. parasiticus strains. If this is so, it would be more likely that a mutation to

a regulator has caused the inactivation ofthe aflatoxin pathway rather than mutations in a

number ofthe genes. A. parasiticus has multiple copies of the afl-R (Payne et al, 1993)

meaning that mutations to both copies would need to occur to eliminate its function. To
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determine if suspected aflatoxin non-producers are deficient in the afl-R product it would

be helpfill to determine the number of copies present in the genome.

Using a 1.7-kb (BglII—Sph1)nor-1 probe two major DNA fragments were detected

in all A. flaws strains tested (Thomas). These fragments were approximately 3 .4 and 3 .2-

kb in size (Figure 4). Additional weaker signals hybridized to the nor-1 probe in genomic

DNA of strains SRRC 284, 2112, 1000A, and 1059 at 5.4 and 6.8-kb. Finally, 2112

genomic DNA hybridized to the nor-l probe also at 9.4-kb and 4.1-kb. These results

indicate that there is one gene in all strains which appears to be nearly identical to nor-1

from SU-l. However, a variable number of less related genes may be present in strains

SRRC 284, 2112, 1000A, and 1059.

VER-TA

NOR-T 
  

Figure 4. Southern hybridization ofAspergillusflavus strains with nor-l and ver-l

probes. Southern analysis was performed once on SRRC 284, 285, 2112 and 2115

(aflatoxin non-producers); and SRRCIOOOA, 1059, and 1273 (aflatoxin producers).
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Due to the fact that Skory and Thomas both used incompletely cut (HindIII) 1273

genomic DNA samples when performing their Southern analyses it was necessary to

perform another Southern analysis ofthis strain. The genomic DNA for 1273, 2112, and

SU-l was prepared and fractionated as described in the materials and methods. Using the

ver-lA and nor-l probes (listed in Table 3) it was found that only a single signal was

present for each probe in all three strains (Figure 5). For the ver-lA probe this DNA

fragment was significantly smaller (approximately 10. S-kb) than that observed by Skory

and Thomas. Because the signals observed for 1273 and SU-l were the same size,

however, the differences between these sizes and those seen by Skory and Thomas may be

due to differnces in electrophoresis conditions and/or the transfer procedure.
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Figure 5. Southern hybridization of 1273, 2112, and SU-l with A) nor-l and B) ver-l

probes.
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The nor-1 probe revealed one signal at approximately 3 .9-kb which is similar to the sizes

reported by Skory and Thomas. The reason that there are two bands reported by Skory

and Thomas is that their probes contained a HindIII site, whereas the nor-1 probe used to

generate these data did not.

Dry weight measurements

Dry weights ofthe mycelia from each ofthe strains were determined in order to

calculate the amounts ofaflatoxins produced per milligram ofmycelium (Table 4). The

growth ofthe stationary cultures was very slow with total cell mass never reaching one

gram. The shake cultures showed higher growth rates compared to those reported by

Trail et al (1995).

Table 4. Dry mycelial weights (grams) ofAspergillus spp. grown on Reddy medium to 48

and 72 hours in shake and stationary cultures. Weights are based on half a mycelial pad

from one ofthe replicate flasks.

 

 

 

 

 

 

 

 

  

Stationary F Shake

48 hours 72 hours 48 hours 72 hours

SU-l 0.10g 0.12g 1.62g 2.19g

2112 0.15g 0.10g 1.11g 1.69g

2115 0.24g 0.14g 1.28g 1.58g

1059 0.21g 0.36g 2.21g 2.44g

1273 0.15g 0.28g 2.33g 2.78g

AO 0.22g 0.19g 1.16g 2.25g

AS 0.10g 0.11g 1.48g 2.53g    
 

The decreased growth in stationary cultures (compared to shake cultures) may be due to
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decreased exposure to oxygen during germination and subsequent growth. Preliminary

data suggest that the effect is caused by decreased germination rate. Zhou (personal

communication) has indicated that shaking a culture for 24 hours then allowing it to grow

as a stationary culture results in increased growth at later time points. The 24 hour time

point is significant in his study because there does not appear to be any noticeable growth

at that time.

ELISA analysis

ELISA was performed in order to determine the amounts of aflatoxins per

milligram of mycelial dry weight being produced by the seven Aspergillus strains and the

proportion oftoxin production from mycelia and medium for the stationary and shake

cultures respectively (Tables 5 and 6). A comparison oftoxin levels found in the grth

medium demonstrated that toxin production was generally reproducible in duplicate flasks.

No aflatoxins were found in the media nor the mycelia from any of the suspected aflatoxin

non-producers.

Table 5. Analysis of aflatoxin B, production from stationary cultures. Replicates 1 and 2

indicate aflatoxin levels found in the media of replicate grth flasks. Only one extraction

ofmycelia was performed (therefore no replicate is Shown).

 

 

 

 

 

       

Stationary 48 hours:

Toxin in Toxin in Toxin in Total _ Dry Toxin/mg

Replicate 1 Replicate 2 Mycelia Toxin Weight Mycelia

SU-l 86.2ug 90.6ug 5.0ug 93.4ug 0.10g 930ng/mg

21 12 ND ND ND - 0. 15g -

21 15 ND ND ND - 0.24g -
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Table 5 (cont’d)

AS ND ND ND - 0.10g -

AO ND ND ND - 0.22g -

1059 101.9ug 75.6ug 5.2ug 93.9ug 0.2 lg 440ng/mg

1273 94.0ug 91.7ug 6.8ug 99.7ug 0. 15g 660nymg

Stationary 72 hours:

SU-l 80.6ug 72.4ug 12.7ug 89.2ug 0.12g 740ng/mg

2112 ND ND ND - 0.10g -

2115 ND ND ND - 0.14g -

AS ND ND ND - 0.1 lg -

AO ND ND ND - 0.19g -

1059 57.4ug 94.0ug 21.1ug 96.8ug 0.36g 270ng/mg

1273 79.7ug 60.5pg 9.99ug 80.1ug 0.28g 290ng/mg       
 

ND - none detected

Table 6. Analysis of aflatoxin B, production from shake cultures. Replicates 1 and 2

indicate aflatoxin levels found in the media of replicate growth flasks. Only one extraction

of mycelia was performed (therefore no replicate is shown).

 

 

 

 

 

 

 

 

        

Shake 48 hours:

Toxin in Toxin in Toxin in Total Dry Toxin/mg

Replicate 1 Replicate 2 Mycelia Toxin Weight Mycelia

SU-l 56.0ug 52.7ug 4.50ug 58.9ug 1.62g 36ng/mg

2112 ND ND ND - 1.1 lg -

2115 ND ND ND - 1.28g -

AS ND ND ND - 1.48g -

A0 ND ND ND - 1.16g -

1059 53.4ug 46.8ug 5.52ug 55.6ug 2.21g 25ng/mg

1273 56.0ug 46.5ug 5.52ug 56.8ug 2.33g 24ng/mg
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Table 6 (cont’d).

Shake 72 hours:

SU-l 121.9ug 123.8ug 12.5ug l35ug 2.19g 62ng/mg

2112 ND ND ND - 1.69g -

2115 ND ND ND - 1.58g -

AS ND ND ND - 2.53g -

A0 ND ND ND - 2.25g -

1059 110.0ug 128.2ug 12.6ug l32ug 2.44g 54ng/mg

1273 131.1ug 121.3ug 13.0ug l39ug 2.78g 50ng/mg
 

ND - none detected

The 48 and 72 hour stationary cultures produced roughly the same amount ofAFB, which

was nearly twice the amount produced by the 48 hour shake culture. The 72 hour shake

culture, however, produced nearly 30% more AFB, than the 48 or 72 hour stationary

cultures. In terms ofAFB, production per milligram of dry weight, SU-l produced more

toxin than 1059 and 1273 at either time point in stationary or shake culture. For example,

SU-l produced 13% more toxin than 1059 at the 72 hour time point in shake. The

equivalent stationary culture comparison revealed a difference of64%. It can also be seen

that the stationary cultures produced more toxin per milligram of dry weight than the

shake cultures. For example, in the case of SU-l at 48 hours, the stationary culture

produced nearly 30 times more toxin per milligram of mycelia. Because stationary

cultures better mimic the conditions the fimgi are likely to encounter in the field, these

cultures may give a more accurate account of aflatoxin production than shake cultures. If

aflatoxin production is regulated at the level oftranscription (Skory, 1993) then using

stationary cultures may be more appropriate for studies of regulation. Finally, it appears

that the mycelia accumulate aflatoxin as the culture grows but this quantity is small
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compared to the accumulation of aflatoxin in the medium. Also, there is no difference

between the amount oftoxin retained by mycelia fiom shake and stationary cultures.

These data indicate that there is some mechanism that eliminates aflatoxin from the filngal

cells although it is not clear whether this mechanism is active or passive.

Northern hybridization analysis

Northern hybridization analyses were performed on total RNA extracted from each

strain grown for 48 or 72 hours under shake or stationary culture conditions to determine

ifthe genes detected using Southern analysis (nor-1 and ver-lA) were being expressed.

Six probes (listed in Table 3) were used. Unfortunately, the afl-R probe only hybridized

to ribosomal RNA in all ofthe samples (data not shown). The B-tubulin and pyrG gene

probes were used in order to demonstrate that the amounts ofRNA loaded in each lane

was consistent (Figure 6 and Figure 7 respectively). The size of the RNA transcript

detected by the B-tubulin probe for the shake cultures was approximately 1.3-kb (Figure

6a). This is consistent with the transcript size reported by Trail et a1 (1995) for cells

grown on Reddy medium. In this same study in cells grown in YES medium no transcript

could be detected at any time after 24 hours (up to 72 hours). Also, a 3.5-kb transcript

was detected in some ofthe shake cultures (2112 at 48 and 72 hours, 1059 at 72 hours,

AS at 72 hours, 2115 at 72 hours, and 1273 at 48 and 72 hours) that was not detected in

the previous study (Trail). There did not seem to be a pattern to which strains did or did

not produce this transcript. For example, some aflatoxin producers expressed this

transcript early and late (1273), whereas others only produced it at one time point (1059),

and still others not at all (SU-l). The suspected aflatoxin non-producers were also in this

category. The unpredictable appearance ofthe 3.5-kb transcript may be related to
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Figure 6. Northern hybridization of A) shake cultures, B) stationary cultures, and C) AO

shake and stationary cultures using the B-tubulin probe.
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Figure 6.

 
 

C) AO
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Figure 7. Northern hybridization of A) shake cultures, B) stationary cultures, and C) A0

shake and stationary cultures using the pyrG probe.
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differences in the way these species regulate transcription ofthis particular transcript but

do not reflect difl‘erences in growth ofRNA in each lane. The stationary cultures differed

from the shake in that they produced a primary signal at 1.7-kb (Figure 6b). The

stationary cultures produced a secondary band (4.1-kb) that was also bigger than its shake

culture counterpart. The absence ofa pattern for the production ofthis secondary signal

exists in these cultures too. Strangely, many ofthe strains that did not produce any ofthe

secondary transcript in shake culture did produce it in stationary culture (ie. SU-l at 48

and 72 hours). If the speculation that these secondary band differences are the result of

differences in regulation then it may also be true that the conditions that the cultures are

grown under may greatly influence transcription. The implications ofthis are that

stationary cultures (which more closely mimic the conditions the fungi encounter on host

plants) may be more appropriate for the study of the mechanisms controlling aflatoxin

production.

RNA isolated from shake and stationary cultures was also analyzed with apyrG

probe (Figure 7). The size ofthepyrG transcript in shake culture was measured at 1.4-kb

which is consistent with the results seen by Trail. Likewise, the size ofthe signal

produced by the stationary cultures (1.2-kb) was reasonably close to the results seen by

Trail though her results did not reveal a signal after 40 hours. There may be no significant

difference between the sizes because the discrepancy may be an artifact of measuring or

gel handling. Once again, this main band shows that the loading ofRNA from lane~to-lane

was consistent.

Northern analyses also were performed on RNA isolated from each ofthe strains

grown for 48 or 72 hours in shake or stationary cultures to identify transcripts that
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hybridized to a nor-1 probe (Figure 8a, b, and c). The shake cultures ofthe aflatoxin

producers contained transcripts of approximately 1.0-kb whcih hybridized to nor-l. SU-l

appeared to accumulate the most transcript followed by 1059 then 1273. Higher levels of

transcript were detected at 72 hours as compared to 48 hours. These results are

consistent with those observed on SU-l (Trail). The suspected aflatoxin non-producers

did not produce detectable levels oftranscript. This indicates that the nor-1 genes

tentatively identified by Southern hybridization analyses are not actively transcribed in

these strains. The suspected aflatoxin non-producer 2112 also shows a widely dispersed

signal at approximately 0.2-kb with the nor-1 probe. This signal also occurred under these

culture conditions for every probe used suggesting that an impurity in the RNA might

account for this non-specific hybridization. Several independent extractions ofRNA fi'om

this strain in shake culture showed this “blob” during northern hybridization analyses.

This combined with the fact that this “blob” did not appear in stationary culture suggested

that the problem was, in fact, not caused by impure RNA. Based on the fact that this

signal only occurs at the 48 hour time point suggests that this it is an RNA degradation

product that is completely degraded by the 72 hour time point. This theory could be

tested by conducting northern analyses at earlier time points and time points between 48

and 72 hours. The presence ofthis “blob” is still a mystery that, because it appears to be

non-specific, may not warrant further investigation from the standpoint of aflatoxin

biosynthesis. Figure 8b shows that the same pattern of hybridization occurred with the

stationary cultures except that the 0.2-kb hybridization did not appear.

. Northern hybridization analysis was also used to show the pattern of expression

for the ver-l transcript in the seven strains for shake cultures, stationary cultures, and A0
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samples (shake and stationary) (Figure 9a, b, and c respectively). In shake culture only the

aflatoxin producers had transcripts similar in size to that reported for the ver-l (1.0-kb).

Higher transcript levels were observed at the early time points (48hours). Again, SU-l

produced more transcript than 1059 and 1273 (second and third respectively). Once again

a “blob” appeared at approximately 0.2-kb for 2112 at the 48 hour time point.

Unexpectedly, a similar signal was detected at the 72 hour time point in 2112, AS, and

1273. These “blobs” did not occur with any probes other than the ver-lA nor did they

occur in stationary cultures. This combined with the fact that it is a late time point (ver-

lA being a late gene in the pathway) may suggest an altered form of transcription

(potentially the regulation) involving ver-lA or simply a non-stable transcript. The ver-lA

hybridizations using the stationary cultures revealed a different pattern. The major signal

remained at approximately 1.0-kb but the 72 hour time point appeared to have more

transcript present. This shift from more accumulation at the early time point to more

accumulation at the late time point may indicate that shake cultures begin to produce

aflatoxins earlier than the stationary cultures. A secondary signal was also produced at

roughly 4.5-kb. This secondary signal appeared to be present only when the primary band

was strong. For example, SU-l produced the most intense band at 1.0-kb and had the

most intense secondary band. The 1059 samples had much weaker primary signals and

barely detectable (if at all) secondary bands. Even more extreme, the 1273 samples

produced barely detectable primary bands and no signal was present in the area around

4.5-kb.
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Figure 8. Northern hybridization of A) shake cultures, B) stationary cultures, and C) AO

shake and stationary cultures using the nor-1 probe.
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Figure 9. Northern hybridization of A) shake cultures, B) stationary cultures, and C) AO

shake and stationary cultures using the ver-l probe.
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Discussion

This study showed that Aspergillus species which are deficient in aflatoxin

production under the conditions studied, do possess genes likely to be homologues ofnor-

1 and ver-lA (known to be involved in the synthesis of aflatoxin). Among the species

represented were the industrial fermentation species A. oryzae and A. sojae. The aflatoxin

producers (SU-l, 1059, and 1273) which also have genes homologous to nor-1 and ver-

lA (as determined by Southern analyses) were confirmed to produce aflatoxins.

The production ofAFB, (per milligram ofmycelia) by these strains was greater in

stationary cultures than it was in shake cultures (30 fold for SU—l). These data suggest

that quantitative studies using cultures grown under shake conditions may provide an

underestimate ofthe actual aflatoxin producting capability. Under both stationary and

shake culture conditions, SU-l produced more toxin than 1059 or 1273 at the same time

point. Toxin production by 1273 was greater than 1059 in stationary cultures (48 and 72

hours), whereas the opposite was true in the shake cultures.

Northern analyses showed that a transcript pattern similar to previous reports

(Trail et al, 1995) for aflatoxin producers was detected in the SU-l, 1059, and 1273

strains. First, SU-l cultures produced more transcripts capable of hybridizing the nor-1

and ver—lA probes than did the 1059 and 1273 cultures. These results were true for

stationary and shake cultures at 48 and 72 hours. The 1059 shake cultures appeared to

produce more transcript than the corresponding 1273 shake cultures. This was also true

for the stationary cultures even though the 1273 cultures produced more aflatoxin under
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these conditions.

Finally, it was shown that none ofthe aflatoxin non-producers (SRRC 2112, 2115,

A. sojae, A. oryzae) did not exhibit transcripts of equivalent size to those produced by SU-

1. In fact, no signals were detected in the stationary cultures ofthe aflatoxin non-

producers. A “blob”, however, was detected in the 48 hour shake culture of21 12 using

all ofthe probes listed in Table 3. It is likely that this non-specific product is not

important to aflatoxin biosynthesis based on its lack of specificity. Similar sized blobs

occurred for two other shake cultures (2112 and A. sojae at 72 hours) but they only

appeared when the ver-lA probe was used. This suggested that there may be some

irregular expression ofver-lA occurring in these strains at the later time point. This signal

does appear to be degrading which indicates a non-stable transcript. This non-stable

transcript may be degraded as the result of premature termination oftranscription due to a

loose association ofRNA polymerase with DNA, or a mutation in a ver-lA like gene.

Because there was no accumulation ofversicolorin A (the intermediate converted in part

by ver-lA to sterigmatocystin) nor any other intermediates in the pathway when growing

this strain, it is likely that this transcript is the result of abnormal transcription, RNA

processing, or RNA stability. Whether this abnormality is caused by a mutation in the

promoter or coding region of the ver-lA gene or in a regulator is not known. An

investigation (see Appendix C) ofthis transcript may be helpfill in the identification ofthe

factors involved in the secondary metabolism of aflatoxin.

Much has been written on the topic of secondary metabolites. Discussions about

the purposes ofthese compounds and their origins have been at the forefront ofthe

speculation. This study attempted to shed light on these questions as well as to investigate
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aflatoxin production in suspected aflatoxin non-producers. One oftwo possibilities

seemed likely, either these strains never had the ability to produce aflatoxins or they lost

that ability. By demonstrating that these strains do have both early and late aflatoxin

genes it is reasonable to say that they did produce aflatoxin at one time. So what

happened to aflatoxin production? To understand what happened it is imperative to ask

why any strain would produce aflatoxins.

It is generally thought that the production of a secondary metabolite facilitates

growth and/or propagation of the species producing it (see Gene vol 115). For example,

it has been speculated that antibiotic production provides strains ofStreptomyces a

defense mechanism against other microorganisms (Williams et al, 1989). Likewise, the

production of sclerotia (wintering bodies) by species ofAspergillus provides a means of

propagation for those species and possibly protection from predators - they are difficult to

consume (Wicklow, 1983). Currently, the belief is that secondary metabolites were

“created” as the result ofgene duplications of primary metabolism pathways. This idea is

based on structural similarity, amino acid identity, and organization (clustering) ofgenes

when comparing primary and secondary pathways (Mapelstone et al, 1992). Subsequent

random mutations ofthese genes produced various compounds that either provided a

selective advantage to the organism or did not. Those organisms that did gain an

advantage were better able to cope with their environment and survive. The aflatoxin

biosynthetic pathway seems to fit this gene duplication theory. Based on the amino acid

comparisons set out in Appendix A, the fatty acid synthase genes are closely related to

their counterparts from S. cerevisiae involved in primary metabolism.

So at least part ofthe aflatoxin pathway appears to be a mutated copy of a primary
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metabolism pathway. It also seems that mutations occurred by chance to produce a

beneficial (to the fungi) compound. Why do many species apparently possess these genes?

Once again there are two likely explanations to answer this question. The first is that the

production ofaflatoxins is very old. So old that at one time there was only one strain that

produced it. Differentiation ofthat “progenitor” strain (perhaps due to dispersal to

various climates) resulted in many species with the same aflatoxin production abilities but

distinct morphological and growth characteristics. Another possibility is that the aflatoxin

pathway was foreign to many or all species ofAspergillus. In this case, vertical or

horizontal gene transfer provided dispersal of the aflatoxin pathway to the several

Aspergillus spp. either from an Aspergillus specie (vertical) or from an organism outside

the Aspergillus genus (horizontal). Amino acid and nucleotide analyses ofgenes involved

in aflatoxin synthesis has revealed that genes from different species share a high degree of

identity. The afl-R genes from A. flavus and A. parasiticus, for example, are nearly

identical showing 95% identity at the nucleotide level (Payne et al, 1993). In contrast,

Appendix B shows that thepyrG (primary metabolism gene) from Aspergillusparasiticus

is only 78% identical to that ofA. nidulans at the amino acid level. This indicates that the

pathway has not been in the individual species for very long or that genes involved in

AFB, synthesis are even more highly conserved than some basic cell functions (unlikely).

This lends credence to the gene transfer hypothesis which could have occurred much more

recently than the divergence ofa progenitor strain.

One method for a horizontal gene transfer would be by a viral infection. Currently,

there are few reports ofviral particles found in Aspergillus spp. (Schmidt et al, 1986;

Wood et al, 1974). Nevertheless, horizontal gene transfer should be a detectable
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possibility. As has been done for Streptomyces (Vining, 1992; Bibb et al, 1989; Sherman

et al 1989), secondary metabolite genes can be examined for codon usage, %GC content,

and amino acid identity and then compared to other species from the genus Aspergillus

and other genera. These analyses should point to the origin ofthe pathway whether it was

completely foreign to Aspergillus spp. or if it spread from one species ofAspergillus.

Why do some strains produce aflatoxin and other strains, which apparently have at

least some ofthe aflatoxin genes, do not? Ifthe hypothesis that secondary metabolites

provide a selective advantage is true then what happens if the pressure that produced the

pathway is removed? Bennett and Goldblatt (1973) claimed that if an aflatoxin producing

strain is grown in a laboratory culture and repeatedly passed to fresh medium that

aflatoxin production is lost. This production, however, can be restored by growing the

fungus on a plant. This may suggest that the selective advantage conveyed by aflatoxin

production involves colonization. It is unclear how this could be, due to the fact that

secondary metabolites are usually not produced during primary growth. Nevertheless, the

most important information that can be taken fiom this observation (from an evolutionary

standpoint) is that when the fungus is given everything it needs to grow (nutrients and

conditions) in a non-competitive environment it stops making aflatoxins. This may, in

fact, be what happened to some domesticated fermentation strains ofA. oryzae and A.

sojae. Kurtzrnan et a1 (1986) have reported that DNA reassociation studies indicate that

A. oryzae and A. sojae are directly “descendant” from A. flaws and A. parasiticus

respectively. Wicklow (1983) also addresses this point by noting that A. flaws and A.

parasiticus strains begin to resemble A. oryzae and A. sojae during passage.

(Interestingly, Wicklow also observed the loss of sclerotia production by strains that had
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been passaged.) It is therefore, entirely reasonable that if the pressure that created the

aflatoxin pathway was removed long enough, silent mutations to the aflatoxin pathway

may have accumulated. This may have lead to the knock out ofthe pathway’s activity.

To that end, it has been shown (Cotty, 1988; Diener et al, 1987) that the species

most often found associated with crops (with the exception ofpeanuts) is A. flavus,

whereas A. parasiticus is most often found in the soil (with the same exception). As

stated earlier, not all strains ofA. flavus produce aflatoxin, whereas all but one strain ofA.

parasiticus produce aflatoxin. It could be possible that crops such as cotton and corn

place less pressure on the A. flavus strains that inhabit them than does the soil which A.

parasiticus inhabits. This would explain why A. flavus aflatoxin non-producers are not

selected against on crops. It would also explain why all A. parasiticus strains continue to

produce aflatoxins.
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Appendix A - Sequence analysis of thefas-lA, as-2A, and clone 6

Understanding how aflatoxins are produced was the most important aspect in

determining what approach to take to eliminate them. Characterizing the conditions of

growth and aflatoxin production led to the belief that removing aflatoxins from the food

chain would not be accomplished by classical methods (farming techniques) due to the

ubiquity ofthe producing strains. As a result it was necessary to identify the genetic

makeup ofthe aflatoxin biosynthetic pathway. The first gene identified was the nor-l

gene. This gene was isolated by complementing a mutant strain (ATCC 24690, nor-) with

a fragment ofDNA containing a wild type copy of the gene (Chang et al, 1992). The next

gene to be identified was ver-1A(Skory et al, 1992). Shortly after the isolation of these

genes a 35-kb fragment ofgenomic DNA, the cosmid NorA (Figure 10), capable of

complementing both ofthese mutants was defined (Trail et al, 1995). Restriction analyses

ofthe NorA cosmid yielded 11 subfragments (clones). Using parts of each ofthese clones

as probes, northern hybridization analysis was carried out to determine the number and

size ofthe transcripts being produced by this cosmid. In addition, these analyses were

carried out at various time points to determine the timing of expression. To associate the

timing of expression of each ofthe transcripts with production of aflatoxin, ELISA

analysis was performed as described in the materials and methods (Trail et al, 1995).

In a collaboration with researchers at the SRRC ARS USDA, 10 ofthe 11 clones

from the cosmid NorA were sent to DNA Technologies (Gaithersburg, MD) to be

sequenced. Analysis ofthis sequence has revealed the presence of a putative fatty acid

51
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synthase (fas-lA) encoded by clones two, one, and eight (Mahanti et al, 1996).

Comparisons using TFASTA, GAP, and PILEUP fi'om the Wisconsin Genetics Computer

Group (WGCG) software package turned up high identity, at the amino acid level, with

the Saccharomyces cerevisiaefasl gene (Schweizer et al, 1986). Identification of each of

the functional domains (acetyl transferase, enoyl reductase [Mahanti et al, 1996],

dehydratase, and malonyl/palmityl transferase [Mahanti et al, 1996]) found in the S.

cerevisiae gene was accomplished in thefas-lA (Figures 11, 12).

The fatty acid synthase in S. cerevisiae is actually composed oftwo subunits, the

beta subunit (fasl, mentioned above) and the alpha subunit - thefas2 (Mohamed et al,

1988). Thefas2 encodes the final three functional domains needed for fatty acid synthesis

(acyl carrier protein, fl—ketoacyl reductase, and B-ketoacyl synthase). Again, sequence

analysis of a region (clone2 and the 11th clone “4.6" [sequenced by Trail]) ofthe cosmid

NorA showed high identity to the publishedfas2 at the amino acid level (Figures 13, 14,

15). The order ofthe domains in the S. cerevisiae genes is identical to that ofthe A.

parasiticus genes. Also, the spacing between the domains and the active site amino acids

are virtually identical between the two species. The comparisons also included an

alignment with the Streptomyces antibioticus polyketide synthase which has been

implicated in the synthesis of oleandomycin (Swan et al, 1994). The nucleotide sequence

ofthe putative alpha subunit (fas-ZA) is given in Figure 16.

Being that regulators typically act at promoter regions it is interesting to find that

fas-lA andfas-2A appear to be transcribed divergently (Figure 10). Furthermore, based

on sequence analysis, the domains from each ofthese genes that are closest to each other

(the acetyl transferase infas-lA and the acyl carrier protein infas-2A) may have
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translational start codons within 200 base pairs of each other. This leaves a rather small

area for regulator binding and may suggest that the promoter regions ofthese genes

overlap or are shared.

Finally, sequence analysis ofthe sixth clone from the cosmid NorA has revealed a

match (Figure 17) with 188 amino acids (including a heme binding site residue, cystine) of

cytochrome P450 from rabbit (27% identity, 49% similarity) and rat (26% identity, 46%

similarity). This gene is likely one ofthe many oxidases used in the production of

aflatoxins (Bhatnagar et al, 1992). Keller et a1 (1995) demonstrated that the ver-lA

homologue (sth) in A. nidulans requires a functional stcS to convert versicolorinA to

sterigrnatocystin. stcS, located approximately 2.0-kb from sth and transcribed offthe

same DNA strand, is proposed to be a cytochrome P450. This situation is similar to that

seen between ver-lA and the clone 6 cytochrome P450. It is very likely that as sth and

ver-lA are homologues so too are stcS and the gene encoded by clone 6. Once again an

interesting note bares mention. Figure 17 shows that there is a match with cytochrome

P450 from rabbit (Johnson et al, 1990) and rat (Chen and Hardwick, 1993) but the

comparison with the fungus Streptomyces carbophilus (Wantanabe et al, 1995) does not

show a significant match (17% identity, 35% similarity). This raises questions about the

function of this gene. Does it play a role in aflatoxin production? If so, the presence of

this gene may suggest that the biosynthetic pathway did not evolve from another pathway

in the organism such as a PKS. It would support, however, the theory ofgene transfer.

The nucleotide sequence of the cytochrome P450 like sequence of clone 6 is presented in

Figure 18.
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Figure 10. Map of the Cosmid NorA.
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Figure l 1. Amino acid comparison of the suspected acetyl transferase domain offas-lA

of A. parasiticus (AP) with S. cerevisiae (SC, a FAS) and S. antibioticus (SA, a PKS).

The A. parasiticus acetyl transferase domain was 27% identical and 42% similar to the

same domain in S. cerevisiae over 279 amino acids, but only 16% identical and 42%

similar to the acetyl transferase of S. antibioticus over the same stretch. The active site

residue is marked by a down arrow. Regions of the SA were removed to optimize the

alignment. Those regions are marked by “> <” and correspond to the following stretches

of amino acid sequence in the published SA: 729 - 738, 811 - 829, 867 - 882,

and 2333 - 2355.
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Figure 12. Amino acid comparison of the suspected dehydratase domain from thefas-lA

ofA. parasiticus (AP) with S. cerevisiae (SC, a FAS) These two amino acid sequences

lined up over 196 amino acids resulting in 27% identity and 43% similarity. Two stretches

of the SC were removed to optimize the alignment. Those omissions are marked by “> <”

and correspond to the following regions in the published SC sequence: 1456 - 1480 and

1425 ~1435.



 

4
7

I

V
G

V
G

   

R O

E
r
a
s
e
r
s

o
u
v
r
n
r

K
P
L

K
P
L

i
v

G
A

L
G

Y
R

C
P

p

F
F

F
F

3r
Y
K
M

S S

K T

V v

T E

I
H
R
L
X

V
H
L
S
N

E
N
M
X

K
P
V

L L

K
C
D
L
L
D

D
G
D
L
L
K

S
A
R

S
R
N

V
S
S

P
N
T

 

L
T
R

i
i
K

A G

  

 

E
A
w

G
L

V V

I
t
:

F
A

D D

p

L
A
P

Y D1

A
P

S
C

A
P

S
C

.I .. .R
4MV I .A

1an Al .V-

VG .P

N1 .E

GE .N

TV ST

CT 08

s... 5
EN NT

ST Av.

EP AS

FL DD

YE LL

V.
RK EA

I XI

.P GP

G

.N
K .E

V LL

(WS LV

>RE PK

PD A0

8, TE

LL

00 GT

XD

AK

TT

<TK

>RQ

PT

.NN

E

 9 X E

A
P

S
C

F
i
g
u
r
e

1
2
.



60

Figure 13. Amino acid comparison of the suspected acyl carrier protein domain from the

fas-2A ofA. parasiticus (AP) with S. cerevisiaefas2 (SC, a FAS) and S. antibioticus

(SA, a PKS). The A. parasiticus acyl carrier protein domain was 34% identical and 56%

similar to the same domain in S. cerevisiae over 271 amino acids, but only 13% identical

and 27% similar to the acyl carrier protein of S. antibioticus over the same stretch. The

active site is marked by a down arrow. Two stretches ofthe SC were removed to

optimize the alignment. Those omissions are marked by “> <” and correspond to the

following regions in the published SC sequence: 336 - 344 and 359 - 370.
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Figure 14. Amino acid comparison ofthe suspected B-ketoacyl reductase domain from

thefas-2A ofA. parasiticus (AP) with S. cerevisiae (SC, a FAS) and S. antibioticus (SA,

a PKS). The A. parasiticus B-ketoacyl reductase domain was 42% identical and 62%

similar to the same domain in S. cerevisiae over 479 amino acids, but only 14% identical

and 34% similar to the B-ketoacyl reductase of S. antibioticus over the same stretch. The

active site is marked by a down arrow. One segment from the SC and SA was removed to

optimize the alignment. Those omissions are marked by “> <” and correspond to the

following regions in the published sequences: SC, 946 - 1012 and SA, 915 - 2937.



4
8

G
L
B
.
.

l
-
i
L

K
K

G
A
S
F

T
I
P
F

F
R
E

P
R

[:
1

I
A
Y
I
Q

r
v
s
s
r

p K

“
s
w
a
n
s

A A
S
L

Y V
E

T
I

1
"

T
K
D

D
K
D

IL

 

  

A

g

 

 

  
   

4TFG

toKA afiofi

new a...

A GGR

DHA TNV

2...
OKL IV DDD

flan EED AAG

AAE Rls Din DNA

GOT LLU "mnv ENG

TTV ETR TOE PPP

Ed .2. 1.6 a
LL FOG SPV DKS

FVT G Vim E

TYG .L L .I CC .

KKE w R .3. HL .

EDP Y 8.A _ltA AE.

8:. .. II. on I.

    

   

    

F F

N
Y
E

N
H

l
Y
A

V
R
B

L
E

8
8

A

Q
S
T
P

S
F

P
F

E
c
o
n

C
G
A

c
h
m

  
      

   

  

. QSL

QQE PIP STV

Is Lts

. YYA XAG QQT

a”. ROG .DA . EMA

LK . STP LLA . SAP

ce. TVA 00H Km. wwfl

I. WW5AG. NGV

DD . LLA

LF . .GV

AL. N.

08 .K

Ts. RE.

8R.

I.
TY.

DK.

vw.

DD .

a.

8A.

9 .P .

4.T

mm»  F
i
g
u
r
e

1
4
.



 

 

X
R
A
R

.
.
B
S
F

.
A
D

K N

3M
G

m

m
G
X
A
R
V
Y

E
W
G
S
A
R
T
K

”
E
i
s
v
o

A
A
A

 WSG
N
S
E
A
G

V
V
T
G
F
A
E
V
G

H
A
A
G
V
P
E
S
T

LE
E

E
P
N

K
E

.
T
A

K W
I

C C

G V

 

I.

WL

68  

  

F
i
g
u
r
e

1
4
.



65

Figure 15. Amino acid comparison ofthe suspected B-ketoacyl synthase domain from the

fas-ZA ofA. parasiticus (AP) with S. cerevisiae (SC, a FAS) and S. antibioticus (SA, a

PKS). The A. parasiticus B-ketoacyl synthase domain was 41% identical and 61% similar

to the same domain in S. cerevisiae over 631 amino acids, but only 19% identical and 37%

similar to the B-ketoacyl synthase of S. antibioticus over the same stretch. The active site

is marked by a down arrow. One segment from the SC and several fi'om the SA were

removed to optimize the alignment. Those omissions are marked by “> <” and correspond

to the following regions in the published sequences: SA, 52 - 60, 101 - 108, 318 - 334,

341 - 434; SC, 1435 - 1520; SA, 461- 468,1709 -1715, 1807 -1812, 1843 -1850, 1954

- 1960, 1996 - 2007, 2049 - 2067.
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Figure 16. Nucleotide sequence ofthefas-2A ofA. parasiticus.
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Figure 17 . Amino acid comparison of a suspected cytochrome P450 domain from clone 6

ofA. parasiticus (ASPER) with rabbit (RABBIT), rat (RAT), and Streptomyces

carbophilus (STREP)(see text).
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Figure 18. Nucleotide sequence ofthe cytochrome P450 like region of clone 6 from the

Cosmid NorA. The total clone 6 sequence is 2489 nucleotides but less than 2000 bases of

this sequence is from the Cosmid NorA, the rest is vector sequence (pBZS).
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In the following manuscript I was responsible for analyzing the amount of aflatoxin

produced by the strains using ELISA. I also generated the resulting graphs. Finally, I

performed the sequence analysis ofthe suspected PKS using the Wisconsin Genetics

Computer Group software; I created the comparison figure using Quattro Pro for

Windows version 5.0.
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Physical and Transcriptional Map of an Aflatoxin Gene Cluster

in Aspergillus parasiticus and Functional Disruption of a

Gene Involved Early in the Aflatoxin Pathway
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M genes involved in aflatoxin B, (AFB!) biosynthesis in Aspagillus , nor-l and ver-l, were”mucus

localizedtoa35-kbregionononedpumsitiauchmmosomeandtothegenornicDNAfragmentcarriedona

single cosmid, NorA. A physical and transcriptional map of the 35-kb genomic DNA insert in cosmid NorA was

prepared to help determine whether other genes located in the m—l—ver-l region were involved in aflatoxin

synthesis. Northern (RNA) analysis performed on RNA isolated from A. parasiticus SUI grown in aflatoxin.

inducing medium localized [4 RNA transcripts encoded by this region. Eight of these transcripts, previously

unidentified, showed a pattern of accumulation similar to that of non-l and Der-l, suggesting possible involve-

ment in AFB! synthesis. To directly test this hypothesis, gene], encoding one of the eight transcripts, was

disrupted in A. parasiticus C810, which accumulates the aflatoxin precursor versicolorin A, by insertion of

plasmid pAPNVES4. Thin-layer chromatography revealed that gene-l disruptant clones no longer accumulated

versicolorin A. Southern hybridization analysis of these clones indicated that gene-! had been disrupted by

insertion of the disruption vector. These data continued that gene! is directly involved in AFB! synthesis. The

predicted amino acid sequence of two regions of gene-l showed a high degree of identity and similarity with the

B—ketoacyI-synthase and acyltransferase functional domains of polyketide synthases, consistent with a pro-

posed role for gene»! in polyketide backbone synthesis.

 

Allatoxins are potent teratogenic, mutagenic, and carcino-

genic secondary metabolites synthesized by certain strains of

Aspagr'llus parasiticus and A. [laws (25). Under the proper

environmental conditions, these ubiquitous fungi can produce

aflatoxin upon infection of many agricultural crops, including

peanuts, corn, cottonseed, and tree nuts (20). Because of the

difficulty in efl’ectively controlling aflatoxin contamination of

food and feed by traditional agricultural practices, recent re-

search efl’orts have focused on developing an understanding of

the molecular biology of the aflatoxin biosynthetic pathway.

This knowledge may lead to novel methods for control of this

economically and agriculturally important problem.

Aflatoxins are polyketide-derived secondary metabolites.

The carbon backbone of aflatoxin Bl (AFBl) is synthesized

from acetate and malonate in a process analogous to fatty acid

synthesis (9, 24, 53). A generally accepted pathway for the

synthesis of AFB! has been proposed (reviewed in references

9 and 10). The first stable intermediate identified in the path-

way is the decaketide norsolorinic acid (NA), an anthraqui-

none, which is converted to averufin (AVF) by a multistep

series of reactions involving up to three alternative pathways

(9, 56). AVF is then converted to versiconal hemiacetal ace-

tate, versiconal, versicolorin B, versicolorin A (VA), demeth-

ylsterigmatocystin, sterigmatocystin (ST), O-methylsterigmato-

cystin, and finally, to AFBl. As many as 17 different enzyme

activities are proposed to be involved in aflatoxin synthesis (9,

24). Several of these enzymes have been purified to homoge-

neity (l, 8. ll, 16, 28, 34, 40, 53).

’ Corresponding author. Phone: (517) 353.9624. Fax: (517) 353

8963.

1’ Present address: Department of Forensim. Michigan State Police,

E. Lansing, Mich.

3 Present address: Sigma Chemical 00., St. louis, Mo.
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Aflatoxin-blocked mutants (4, 32) and purified enzymes

have been used to clone several genes involved in the aflatoxin

biosynthetic pathway, including nor-I ( l5), encoding an activity

which converts NA to averantin; ver~l (48). encoding an activ-

ity associated with the conversion of VA to ST; uvm8 (36),

encoding a putative fatty acid synthase involved in polyketide

backbone mthesis; amt-l, encoding a methyltransfcrase which

converts ST to O-methyl-ST (S7); and aflR (l3, 45), apparently

involved in the regulation of pathway gene expression. The

recombinational inactivation (gene disruption) of nor-l (54),

ver-l (33), uvm8 (36), and pksA (14) in A. parasiticus and rent

(29) in A. nidulans (which synthesizes ST) firmly established

the functional role of these genes in the AFB! (or ST) biosyn-

thetic pathway.

Parasexual analyses of eight aflatoxin-blocked mutants (in-

cluding an NA-accumulating strain) in A. flaws suggested that

all loci were genetically linked on linkage group VII (44).

Attempts to demonstrate linkage of nor-l and ver-l genes in A.

parasiticus by parasexual analyses, however, gave conflicting

results (5, 12; reviewed in reference 7). 11m molecular genetic

analysis presented in the current study clearly demonstrates

the clustering (linkage) ofnor-l, m8, and vet-l within a 35-kb

region on one chromosome in A. parasiticus SUl. in addition,

restriction endonuclease analysis and transcript mapping of

this 35-kb region localized eight other transcripts that are ex-

pressed in a pattern similar to that of nor—l, ver-l, and uvm8,

suggesting that the genes encoding them are also involved in

aflatoxin production. To test this hypothesis, disruption of

gene! (tentatively named because of its position at the far left

end of the cluster) encoding a 7-kb transcript within the gene

cluster (37) was accomplished in this study. Genetic and bio-

chemical analyses of disruptant clones and nucleotide se-

quence analysis of extensive regions within gene-l suggest that
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it encodes a polyketide synthase involved in AFB] biosynthe-

sis.

MATERIALS AND METHODS

Strains and culture conditions. Escherichia roll DliSu F' ‘lF'IendAl IrstI7

(if Inf) srrpEll llti-I rec/ff gt'rA (Nal') rcbtlAUanY/t virgin"... (mfifllncZA

Ml5)) was used for propagating plasmid DNA. A. pamsirr'rm NR RL 5862 (SU I ).

a wild-type aflatoxin-producing strain, was used for preparation of RNA for

transcript mapping. A. mmriticur CSltl (ver-l wit-I [MG |4lt|). derived from A.

parasiticus ATCC 36537 (vet-l wit-I [4]) was used as the host strain for the

disruption of gene-l. Strains CSIO and ATCC 36537 are unable to convert VA

to ST as a result of a vcr-I mutation. and neither produces detectable levels of

AFBI in liquid or on solid growth media. The following strains of A. parasiticus

were used to analyze sclerotium developmenr AFBl-producing strain SUI.

AVF-accumulating strain ATCC 2455l (23). NA-nccumulating strain ATCC

24690 (32). and VA-accumulating strain ATCC 36537.

Fungal strains were maintained as frozen spore stocks (approximately Itl"

spores per ml) in 20% glycerol at -Stl"C. Coconut agar medium (CAM |2|). an

aflatoxin—inducing medium. was used for rapid screening of fungal strains for

accumulation of AFBI and VA by visualization of blue and yellow fluorescence,

respectively. under long-wave UV light. YES broth (2'36 yeast extract. 20%

sucrose; pll 5.5). a rich aflatoxin-inducing medium. was used to grow mycelia for

DNA and RNA preparations and for thin-layer chromatography (TLC) assays.

Reddy's medium. a chemically defined aflatoxin-inducing medium (47). also was

used to grow mycelia for RNA preparations.

Isolation and analysis of RNA and DNA. Fungal cultures for DNA and RNA

preparations were grown in YES (DNA and RNA) or Reddy's medium (RNA)

at NC with shaking (I75 rpm) and harvested at the times indicated in the figure

legends (48 h for DNA). DNA was purified from A. potentials by a published

modification (50) of a phenol—chloroform protocol developed for mammalian

DNA (3). Total RNA was purified from aflatoxin-induced cultures of A. puru-

siricur SUI ( lfl‘ spores per ml). using a bot-phenol protocol previously described

(39). Restriction endonucleases utilized in analysis of DNA were purchased from

Bochringcr Mannheim Biochemicals or New England Biolnbs and were used

according to the manufacturer's instructions. Northern (RNA) and Southern

hybridization analyses were performed using published procedures (38). with a

modified hybridization buficr and conditions recommended by Stratagcnc Clon-

ing,Systcms, la Jolla, Calif. ”P-radiolabcllcd DNA probes were prepared with

a Random Printed DNA Labelling Kit from liochringcr Mannheim Biochemi-

cals. After the final wash. nylon or nitrocellulose membranes were placed on

X-ray film (KodaLXARS) at -ll|‘(‘. DNA probes utilized in transcript mapping

(Northern analyses) and Southern hybridization analyses were generated from

DNA restriction fragments derived from cosmid NorA or cosmid subcloncs as

shown in Fig. I. The gene probes used as controls in transcript mapping consisted

of a 4.3-kb EroRleacl DNA restriction fragment isolated from cosmid NorA

containing the pyrG gene from A. [ramsiricm (48) and a l.l-kb ArcI-Sacl frag-

ment containing part of the coding region of the gene encoding B-tubulin in A.

msr'lictrs (55.).

Plasrnid and cosmid construction and purification. Cosmids NorA. Norfl,

Vcr2. Ver3. and Vcr4 were isolated by in situ colony hybridization (3) of a

mid library containing A. [rainstorm SUI genomic DNA cloned into the

cosmid vector pBZS (48). "zP-labellcd DNA restriction fragments containing the

nor-I or vcr-I genes (nor-I, l.5-kh BgIIl-CIaI restriction fragment; irr-I, 0.6—kb

Aval-Bamlll restriction fragment |49|) were used as probes to screen the library.

Plasmid pAPNVES43 was constructed to disrupt gcnc~l by single-crtmwcr

insertion into the homologous region of the chromosome (see Fig. 4). A 4.3-lib

EcoRI-Soc! A. pamririrm genomic DNA restriction fragment subcloncd from

cosmid NorA. encompassing the entire pyrG coding region (part of the original

pBZS vector) plus a l.6—kb region within the coding region of gene-I. was

subcloned into pUCI9 cut with EcoRI and Sncl.

Plasmid miniprcparations were performed by the boiling method (38); large-

scale plasmid preparations were performed according to the alkaline lysis pro-

cedure of Maniatis ct al. (38).

Restriction endonuclease analysis, transcript mapping, and physical linkage

analysis of cosmid NorA. An EcoRI restriction endonuclease digest of cosmid

NorA was prepared. The resulting fragments were subcloned into pUC I9 or

pBluescript SKll(—) except for a ltl.6'kb EcoRI fragment containing the nor-l

gene and a 46kh EcoRI fragment immediately adjacent to the ltlhkb fragment.

The IIl.6-kb EcoRI fragment was cut into two fragments with Sari. and each

resulting fragment (4.3 and 6.3 kb: clones 3 and 4. respectively) was subcloned

into pBIuescript SKll(-) cut with EcoRI and Sarl. The 4.6-kb EcoRI fragment

was subcloned into pBIuescriptSKll(—) as three fragments: two Lit-kb EcoRI-

Hr'rrdlll fragments flanking one 0.6-kb Hirrdlll fragment (see Fig. 2). From these

subclone-s. a restriction map of the entire cosmid was prepared by mapping each

subclone with Kpnl. Apal. Smal. Sari. and thI (Fig. I). The genes nor-l. vrr-I,

and wall were localized onto subcloncs by Southcrn hybridization analysis in

conjunction with the restriction endonuclease analysis. The position of 0ij was

provided as part of a separate study (58). ‘

Measurement of aflatoxin synthesis in A. parasiticus Sll I. Measurements of

mycelial dry weights in Reddy‘s and YES growth media were performed essen-

8O
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tially as described previously (54). Direct competitive enzyme-linked immu-

nosorbent assay analyses of AFB! production were performed as described by

Pestka (46) with AFB! monoclonal antibodies and AFN-horseradish peroxidase

conjugate (both kindly provided by l. Pestka. Michigan State University).

Transformation of A. parasiticus and genetic disruption of gene-I. Transfor-

mation of protoplasts of A. parasiticus CSIO was conducted using minor modi-

fications of the polyethylene glycol method (43). as previously described (50).

pot} ‘ prototrophs were selected on Czapck Dox medium (Difco). pAPNVES43

(see Fig. 4) was used as the disruption vector. pPG3J. containing the pyrG gene

only (50). served as a control plasmid to measure the rate of successful trans.

formation. Transformant clones were transferred to CAM to screen for VA

accumulation. Transformant clones were purified by single spore isolation three

successive times

Genetic and biochemical analysis of gene! disruptant clones. Ehrlenmeycr

flasks (250 ml) containing till ml of YES broth were inoculated ( lfl" spores) with

gene-I disruptant clones or ATTC 36537 (control; parental strain of transfor-

mation recipient strain CSItl) and incubated without agitation at 3(l‘C in the

dark. After 72 h of growth. mycelial mats were removed and blotted dry. One-

quartcr (wet weight) of the mycelial mat was dried overnight at 60°C to detcr~

mine dry weight. The remainder of each mycelial mat and the growth medium

were extracted separately with acetone and then with chloroform as previously

described (54). T1.(‘;rnalyscs of the solvent extracts were performed on activated

high-performance silica TLC plates (III by It) cm) in a chamber cquilibratcd with

benzene-acetic acid (95:5). Purified VA (generously provided by Dccpak llhat-

nagnr) was resolved on each plate nsa standard. DNA was purified from myce-

lium grown separately in YES broth for 48 h as described above and was analyzed

by Southern hybridization. .

Sclerntiurn production. Gene-l disruptant clones were tested for the ability to

produce sclerotia. Aflaloxin-producing strain SUI. NA-accumulating strain

ATCC 24690. VA-accumulating strain ATCC 36537. and AVF~accurnulating

strain ATCC 24SSI were grown under identical conditions for comparison.

Strains were center inoculated onto pctri plates containing approximately 30 ml

of CAM medium and incubated for I4 days in the dark at 3tl'C. Sclerotia were

harvested and counted by a published modification (48) of a method previously

described by Cotty (l9).

Nucleotide sequence analysis. Nucleotide sequence analysis was conducted on

cosmid NorA subcloncs (clones 3 and 4. two Sad-EcoRI restriction fragments

encoding a large portion of genc'l) at the Plant Research Laboratory at Mich-

igan State University and by DNA Technologies Inc. Rockvillc. Md. Automated

nucleotide sequencers (AB! robouc catalyst and 373A DNA sequencer) and

fluorescent labelled T3 and T7 oligonuclcotidc primers were used to generate

and analyze dideory sequence reactions. Nucleotide sequence data were ana-

lyzed with the Wisconsin Genetics Computer Group Package. The locations of

introns and open reading frames were predicted with the software programs

Frames. 'l‘estcode. and (‘odon Preference and the A. nirlnlum codon usage file

described previously (35. 54). f ‘omparisons of predicted amino acid sequences to

liMlll. and (icnllnnk database libraries were conducted with 'lT-‘astA and (iap

and aligned with Pilcup from the Wisconsin (icnctics Computer Group Package.

RESULTS

Restriction endonuclease analysis of cosmid NorA and

physical linkage of nor-l and ver-l. In screening an A. para-

siticus SUI genomic DNA cosmid library, four cosmid clones

hybridized to the ver-I probe (NorA, Vcr2, Ver3, and Ver4)

and two clones hybridized to the nor-I probe (NorA and

NorB). Cosmid NorA was of particular interest because it

hybridized to both the nor-I and ver-l gene probes. A restric-

tion endonuclease map of cosmid NorA was generated to allow

localization of nor-I, ver-l, and uvm8 genes (an EcoRI and

Xbal restriction map is shown in Fig. I). Since cosmid NorA

hybridized to both nor-l and ver-l. it is suggested that either

the two genes are physically linked in the genome of A. para-

siticus or nor-l and ver-l were brought together on cosmid

NorA due to recombination of normally unlinked chromo-

somal fragments. To distinguish between these possibilities,

Southern hybridization analyses were performed on cosmid

NorA and genomic DNA isolated directly from toxigenic A.

parasiticus SUI (Fig. 2A). The nor-I probe hybridized to iden-

tical 22-kb Xbal DNA restriction fragments in cosmid NorA

and in genomic DNA. The vcr-l probe hybridized to a I9-kb

Xhal fragment in cosmid NorA and a 2l-kb Xbal fragment in

genomic DNA. A 3.2-kb Sacl-BamH! subclone from cosmid

NorA which spanned the junction between the two large Xbal

fragments (22 and I9 kb) hybridized to the same 22- and 2!-kb
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probes used to locate transcripts (see Fig. fill) are numbered I through l2. Locations of genes and directions of transcription are indicated when information is available.

Vector sequences are indicated by shaded blocks. The transcribed region of gene-l continues beyond the end of cosmid NorA. All thl (X) and EcoRI (E) sites are

shown. The locations of Sacl (S) and ”and" (8) sites are only included to mark the probe used in linkage analysis; other sites are not included.

Xbal fragments in genomic DNA as the nor-I and ver-l gene

probes (and to the 22- and I9-kb Xbal fragments in cosmid

NorA). These results strongly suggest that the 22- and 2l-kb

DNA restriction fragments carrying nor-I and vcr-I, respec-

tively, are directly linked in the genome of A. parasiticus SUI.

Since the ver-I and the 3.2-kb Sacl-BamHl probes lie within a

lZ-kb duplication of the region containing ver-l and aflR in the

genome of SUI (33, 48). additional bands of the predicted size

appeared in the genomic DNA analyzed with these probes

(vet-l probe, 8.9-kb fragment; 3.2-kb Sacl-BamHl probe. 8.9-

and 6.5-kb fragments; see Fig. 28 for schematic).

Transcript map of cosmid NorA. The appearance of nor-l

and vet-l transcripts occurs simultaneously in A. parasiticus

SUI under different growth conditions, suggesting that they

are coordinately regulated in part at the transcriptional level

(49). Since the two genes were found to be linked on the

chromosome. a transcript mapping analysis of this 35-kb region

was initiated to determine the size. location, and pattern of

expression of other genes in the region. Genes with expression

patterns similar to those of nor-l and vcr-I would be studied

further because of the potential for direct involvement in

AFBI synthesis. RNA was isolated at distinct time points from

mycelia of aflatoxin-producing A. parasiticus SUI grown in

YES or Reddy's medium (which induces AFBI synthesis). The

time courses of aflatoxin production and accumulation of my-

celial dry mass were qualitatively similar in the two media (Fig.

3C and D). The maximum rate of fungal growth occurred

between 18 and 36 h after inoculation, whereas the maximum

rate of aflatoxin synthesis occurred between 48 and 72 h. when

growth had slowed considerably in a transition between active

growth and stationary phase. Radiolabelled DNA probes

(numbered l to 12 in Fig. I) were used to analyze RNA

isolated at various times during fungal growth in YES or Red-

dy‘s medium. Northern analysis identified the size. location.

and pattern of accumulation of 14 transcripts in the region

encompassed by cosmid NorA (Fig. 38. Northern analyses;

and Fig. l. transcript map).

Transcript accumulation in Reddy’s and YES medla. The

pattern of expression observed for genes known to be involved

in AFB] biosynthesis (nor-l, var-l. and uvm8) in Reddy's me-

dium (a chemically defined medium) showed very little tran-

script accumulation at the l8-h point and a high level of tran-

script aecumulation between 36 and 84 h (Fig. 3A). Eight

transcripts in the gene cluster (from left to right in Fig. I:
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FIG. 2. Physical linkage between the IioI-I and lYI-I genes. (A) Southern

hybridization analysis of Xhllcut genomic DNA from A l[IIIIrIIIIIii u.IISU l(lain.is

2 to 4) or Xbulcut cosmid NorA (lanes I and S) Teh Iillowing radiolatielleil

DNA robes were used: nor-I (lanes I and 2). IV?" (lanesl and 5) and the

3.2-kb Suclalianilll fragment which spans the adjoining \'hIII fragments cont:Iin-

ing the IiIIr-I and iw-I genes (lane .1: see pain. H) The four dashes totIIe Ie It of

I

llr'ndlll restriction fragments of lambda DNAused .Is a sizesl.Indaid. (II) Xhiil

restriflion mapsiiif cosmismids NorA and VerZ. and the AIIil genomic cluster

siwhiiwing the region of genomic DNA duplic.ition. the toe«tion of the prIrohe used

in panel Aisssliiiwn.11iel9-Iih Xhul restriction fr.igmeitt Iil cosmid NorA is

shownon both sides of the 22-Ith fragment because of the circular n.Iture of the

CI. Dashed lines on cosmidVe12 indicate unm:upped regions Alilirew.Itions

are given in the legend to Fig. I. Unlnbelled restriction sites are EcoRI sites.

gene-l. 0.9 kb; gene-2. 0.5. I25. L65. 0.75, and L7 kb) showed

a pattern of accumulation similar to that of nor-I. vcr-I. and

uvm8. The data from nor-I. ver—I. uvmfl. and gene-I are shown

in Fig. 3A to illustrate the transcript accumulation of these

eight genes. In contrast. the accumulation of transcripts for

pyrG. a gene associated with primary metabolism (UTI’ bio-

synthesis), was observcd to be high at the Ill-h time point.

Transcripts of benA (encoding B-tubulin) showed nearly uni-

form accumulation at all time points. including l8 h. as would

be expected of a housekeeping gene. The L] and 2.2-kh tran-

scripts (aflR) showed transcript accumulation patterns similar

to that ofpyrG (data not shown). It is not known whether the

gene encoding the I.l-kb transcript is involved in secondary

metabolism; however. aflR has been reported to be a positive

regulator of several genes in AFBI synthesis (55). so the ap-

pearance of this transcript before those of nor-I and ver—I is not

unexpected, The 4.4-kb transcript was present in very small

quantities at all time points and encompassed the same region

of DNA as uflR. The nature of this transcript is not clear.

To determine whether the type of growth medium influ-

enced the relative expression of these two different groups of

genes (i.e.. AFBl’related genes versus primary metabolism or
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housekeeping genes). the time course of expression in YES. 3

“rich” AFBI-inducing medium. was also analyzed (Fig. 3B).

The contrast between the pattern of expression of nor-I. I’er-l.

mvm8. and the eight AFBl-related genes and the expression of

pyrG and belt/1 is even more striking. Transcripts of the AFBI-

related genes first appeared in the 40-h sample during a tran-

sition from active growth to “stationery phase" and decreased

significantly by 72 h. In contrast. transcripts of [1in and beIIA

were expressed at the highest levels during active growth (first

appearing in the III-h sample) and did not decrease until 24 to

40 h after inoculation. as growth slowed. In both YES and

Reddy's media the appearance of transcripts of AFBI -re|ated

genes":correlated well with the first appearance of AFBI in the

cutul

Recombinational inactivation of gene-l. The pattern of ex-

pression of eight transcripts in cosmid NorA (in addition to

nor-I. I'cr-l. and uvm8) was observed to correlate well with

AFBI synthesis. suggesting that the genes encoding them are

involved in AFBI synthesis. To test this hypothesis. gene-l.

encoding a 7-kh transcript (whose function was unknown). was

disrupted by insertion of pAPNVES43 (schematic in Fig. 4).

which contained an internal fragment (if the transcribed region

of gene-l. A single-crossover recombinational event between

pAI’NVE543 and the homologous region of gene-l in the

chromosome should result in insertion of the entire pAPN-

VES43 vector into gene-l. inactivating its function.

pAI’NVES43 was used to transform A. pami'ilicus CSIII. a

VA--accuntulating strain. In two separate experiments. III% of

the [MG colonies did not accumulate a yellow pigment (in-

dicativc of loss of VA production) on CAM. No transformants

were obtained when DNA was not present in the transforma-

tion mixture. and no transformants lost their ability to produce

the yellow pigment (VA) when pl‘GflI. carrying only the pyrG

selectable marker. was used as a control plasmid.

TLC analysis of transformants. Three transformants that no

longer appeared to accumulate VA on CAM and a known

VA-accumulating strain, ATCC 36537. were grown in YES

medium (aflatoxin inducing) for further analysis. TLC analyses

of extracts of mycelial mats and the growth medium confirmed

a kiss of VA production in all three transformed strains (Fig.

5). whereas normal levels of VA were observed in the control

strain ATCC 365.17 grown under identical conditions. No af-

latoxin production was noted in either the transformants or the

control strain. No new pigments appeared to accumulate in the

putative gene-Ldisrupted transformants.

Genetic analysis of putative gene-l disruptant clones. South-

ern hybridization analysis was performed on genomic DNA

isolated from the parental strain. CSIO. and five putative

gene-l disruptants (strains that no longer accumulated VA)

(Fig. 6). A ltI.2-kb Imel genomic DNA fragment hybridized

to the pUCI9 probe (t).lI-kb . cal-EcoRI). as expected. in four

of live transformants (lanes 2. 4. 5. and 6) and to a 3-kb

fragment in the fifth transformant (Fig. 6. lane 3; see also

schematic in Fig. 4). The occurrence of the 3-kb DNA frag-

ment is likely due to genetic rearrangement during or after

integration of the disruption vector. The l0.2-kb fragment was

absent in the parental strain (lane I). as expected. An addi-

tional 8-kb fragment was present in two transformants (lanes 2

and 6). indicating that the disruption vector integrated at one

other site. Identical DNA samples were also hybridized to a

gene-I probe (0.6-kb SmaI-Sncl fragment. shown in Fig. 4)

located adjacent to the l.6—kb gene-I fragment carried on

pAPNVES43. The expected ltl-kb DNA fragment hybridized

to this gene-I probe in four of the transformed strains (Fig. 6.

lanes 8. III. II. and I2). indicating insertion of pAPNVES43 by

a single crossover at the homologous gene~l locus on the
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FIG. 3. Accumulation of transcripts of genes in thc AFBI cluster during batch fermentation. A. [mmsr'n'cus NRRL 5862 was inoculated into Reddy's medium and

YES medium (time zero) and grown with shaking at 29’C. Samples were removed at the indicated times for extraction of total RNA and analysis of mycelial dry weight

and aflatoxin. Northern analyses of the RNA extracted from samples grown in Rcddy's (A) and YES (I!) media were done with the DNA probes for hybridization shown

in Fig I and described in Materials and Methods Hybridization tom-16 and B-tubulin genes (controls) is also shown. Production of aflatoxin and mycelial dry weights

are shown in panels C (Reddy's medium) and D (YES medium). Vertical bars indicate standard errors of the mean.

chromosome. The prmna: of a larger fragment in lane 9 and

the absence of a lO-kb fragment support the genetic rearrange-

ment argument proposed for the same DNA sample probed

with pUCI9 (lane 2). The probe hybridized to the expected

l3.2-kb EcoRI genomic DNA fragment in CS“). DNA samples

were also hybridized to a pyrG gene probe. which confirmed

that the disruption vector was inserted by a singleocrossovcr

event into gene-l (data not shown). The complete hybridiza-

tion analysis was repeated with genomic DNA cut with EcoRV

and Sacl (data not shown). These data confirmed the results

observed for the EcoRI digests.

Sclcmtium production. Two gene-I disruptant clones (TfI

and Tf2) as well as strains SUI (aflatoxin accumulating),

ATCC 24690 (NA accumulating; small quantities of AFBI are

also produced). ATCC 2455] (AVF accumulating). and ATCC

36537 (VA accumulating) were inoculated onto CAM and

grown for l4 days at 30°C. These strains could be divided

into three distinct groups on the basis of levels of sclerotia

produced (Table l). Gene-I disruptants (which do not ac-

cumulate AFBI or identifiable pathway intermediates) pro-

duced about three to six times the quantity of sclerotia pro-

duced by the wild type. SUI. The NA (an early pathway

intermediate)-accumulating strain produced quantities of scle-

rotia similar to those produced by SUI, while the two strains

that accumulated the pathway intermediates VA and AVF

(intermediates near the middle of the pathway) and produced
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FIG. 4. Strategy for disruption of gene-I

maps of the disruption vector pAPNVESfl (top). the gene-l region

 

nor-l

from A. pumsilirur. Restriction

of the

 

disruption event (bottom) are shown Also indicatedare the pIIIuescriptSK(- )

vector (with the AInp' gene). the region of gene- IinedIudc in the disruption

vector ( hhalacltrs.) and’ flanking regions (opcnIbars).1hc position of the Sc: l-

\mal fragment used IIIII Southern analysisIs indicatzd by a solid line below the

genoInic DNA.

no detectable AFBI failed to produce sclerotia or produced

very few sclerro ia.

DISCUSSION

llere. evidence is presented that several genes involved in

AFBI biosynthesis (nor-I, var—l, ale. uva, and gene-l) are

physically linked on cosmid NorA and in the chromosome ofA.

parasiticus SUI. The (mu-I gene has also been linked to this

cluster of genes in A. parasiticus and A. [farm (57). Nucleotide

sequence analysis of this entire gene cluster in A. parasiticus

and a structurally similar (but not identical) gene cluster in A.

IIirIuIaIrs is progressing. DNA sequence analysis of the entire

region will allow identification of open reading frames, which

may provide clues about the possible function of the seven

other AFBl-related genes.

It is not surprising that the aflatoxin genes would be ar-

ranged in a cluster in the genome of Aspergillus organisms.

Many genes involved in secondary metabolism in fungi have

been found to be clustered. For example, genes involved in the

biosynthesis of penicillin (2|, 42), trichothecenes (26), and
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Fl .SoutherIn hybridization analysis of genomic DNA isolated from the

disruptedtransformant.DNAw sent with EcoRI and separateeond 03%

agarose gel. Lanes I an l7. A. ,Iurmimm 305.17; lanes 2 It) (I and II to I2.

transformants disrupted with pAI’NVE54). A radiulabelled DNA fragInemm of

s used asa prIrobe for lanes I to 6.: al fragment (see ig.

I) was used III probe an identical hlot shown in lanes 7to DNA size

Inarlrers indicated on the right are from a Ifrndlll digestl of bacteriophage

lambda. film was exposed for 2 daysat -III

melanin (30) were all recently found to be clustered. What

advantage gene clustering affords the producing organism is

not clear. but one can imagine a selective advantage to having

genes of like function clustered together on a chromosome if

clustering is related to regulation of gene expression.

Recombinational inactivation of gene-l provides the first

indication that this gene is directly involved in aflatoxin bio-

synthesis and sets a precedent that other genes in the cluster.

which are expressed in a pattern similar to those of nor-I and

ver-l (AFBl-related genes). are also prime candidates to be

involved in AFBI synthesis. The activity of the product of

gene-l remains undescribed. However, data from two separate

research approaches provide clues about its function. Nucle-

otide sequence comparisons between the proposed amino acid

sequences in two distinct regions of gene-l and proteins in the

EMBL and GenBank database libraries were made, using

computer-assisted analyses (Wisconsin Genetics Computer

Group; TFastA and MOTIFS). lligh degrees of similarity

(80%) and identity (64%) were observed between a IUD-ami-

no-acid domain in the gene-l protein sequence and the B-ke-

toacyl-acyl carrier protein-synthase (Fig. 7A) functional do—

main of the A. nidulunx wA gene (4|). a polyketide synthase

gene (PKS) involved in conidial pigment synthesis. The two

other proteins that showed high identity in the same region

were the SIre/IImnyr'r'x antibioticus PKS (22) and the Stir/minty-

car erythrru PKS (52). with identities of 29.0 and 25.0%. re-

spectively (Fig. 7A). A significant level of identity (20 to 32%)

was observed in the acyltransferase functional domains of the

TABLE I. Sclerotium production in various strains of

A. Ixrruxirirur grown on CAM for I4 days

 
Inlclmdiak: No. of sclerotia

 

Strain‘ .

accumulattng I'latc l Plate 2

Tn ND” 5.020 3.I04

TI'Z ND 6. l 36 5,7 l 3

24690 NA I .242 LIXIZ

24551 AVF (I (I

36537 VA 36 5

SUI AFBI 983 L716

 ATCCMS‘J7 . g

4. 5.7 and9 . " ‘ -‘ ' " ' "

(lanesbto 9) are shown. VA (lane I)“: used as:"standard. TLCpIUateswere

observedand photognphed urnderIongwaveUV

' Strain 2455I is derived from ATCC ISSI7 (2‘): all others are SUI deriva-

tives,

’ ND. not detected.
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wA PKS (32%) and rat fatty acid synthase (FAS) (20% [51])

enzymes and a distinct region in the gene-l sequence (Fig. 7B).

The identity of gene-l in these two functional domains was

higher with PKS than with FAS. suggesting that gene-l en-

codes a PKS involved in AFB] synthesis. However. these data

do not rule out the possibility that gene-l encodes an FAS.

Limited nucleotide sequence analysis of iii-m8 (37) identified

a l80-amino-acid region with a high degree of sequence iden-

tity (48%) to a region of undefined function in FASI genes

encoding the beta subunit of FAS in the yeasts Sacclmromyccs

cerevisiae and Yarowr'n limlt'rica (3|). Townsend et al. (53)

proposed that six-carbon hexanoatc (two kcto groups com-

pletely reduced to hydrocarbon) may serve as the starter unit

for AFBI synthesis and that hexanoate is extended by a PKS

without further ketoreduction to form a decakctide. NA. This

scheme would include at least one multifunctional enzyme. the

FAS. with the necessary activities to reduce keto groups to

hydrocarbons in order to synthesize the hexanoate starter.

Another set of activities, the PKS. without keto reduction ca-

pability (27). would then extend hexanoate to generate the

decaketidc. NA. Our limited data are consistent with this

scheme. uvm8. which has a high degree of identity to yeast

FAS. could fill the hypothetical FAS role to produce hexano-

ate. which is extended by the product of gene-l (plat/i), a

putative PKS. In support of this theory. Chang et al. (I4) have

independently disrupted and sequenced more extensive re-

gions of gene-l. which they have called pkt/l. Several func-

tional domains associated with polymerization of acetate (B-

ketoacyI-synthasc. acyltransferasc, and acyl carrier protein)

were identified. but lll‘ analysis strikingly failed to find evi-

dence for a item-reductase. dehydratase. or enoyl reductase

involved in reduction of keto (carbonyl) groups to hydrocar-

bon.

A second approach. gene disruption. clearly demonstrated

that gene-l activity occurs prior to the rer-I gene in the patlv

way. Further evidence for gene-l function is provided by the

studies on sclerotium production in gene-l-disrupted transfor-

mants. The absence of production of sclerotia by strains that

accumulate pathway intermediates between NA and VA sug-

gests that gene-l is involved at a step prior to nor-I activity. In

a separate study it was shown that strains disrupted at llt'fllr‘i.

like strains disrupted in gene-l. produce sclerotia: at levels

higher than those produced by SUI (36). Since it was demon-

strated that uvm8 activity occurs before nor-l in the pathway.

this would argue that gene-l. like ut'm8. is involved in some

stage of polyketide backbone synthesis.

In previous research. an association between aflatoxin bio-

synthesis and sclerotium development has been observed (6,

l8. l9). Using a molecular genetics approach. Skory et al. (48)

observed that complementation of the PCP] mutation in strain

A. parasiticus CSlfl. which accumulates VA and normally does

not produce sclerotia on potato dextrose agar. restored wild-

type levels of sclerotium production. The data presented here

for the AVF- and VA-accumulating strains suggest that accu-

mulation of pathway intermediates inhibits sclerotium devel-

opment. Strains which accumulate early pathway intermediates

(NA) or no pathway intermediates (gene-l and in'm8 dis-

ruptants) generate wild-type levels of sclerotia (or more). sug-

gesting that elimination of accumulation of intermediates in

the middle of the pathway allows sclerotial development to

occur. When no intermediates accumulate. sclerotial develop-

ment is apparently enhanced. Together. these observations

support the hypothesis that the biosynthetic pathway for afla-

toxin production strongly affects the development of sclerotia.

Since secondary metabolism has long been considered a form

of metabolic differentiation (7). it is not surprising that it may
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also be linked to morphological differentiation. Just how this

link is structured remains to be elucidated.
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A novel gene. [as-IA. directly involved in aflatoxin Bl (AFBI) biosynthesis. was cloned by genetic comple-

mentation of an Aspergi'llm parasiticus mutant strain. UVMB. blocked at two unique sites in the AFBI

biosynthetic pathway. Metabolite conversion studies localized the two genetic blocks to early steps in the AFBI

pathway (nor-l and[as-IA) and confirmed that fas- IA is blocked prior to nor-I. Transformation of UVM8 with

cosmlds NorA and NM!) restored function in nor-l and [as-IA. resulting in synthesis of AFBI. An 8-Iib Sacl

subclone of cosmid NorA complemented [as-IA only. resulting in accumulation of norsolorinic acid. Gene

disruption of the [as-IA locus blocked norsolorinic acid accumulation in A. parasiticus 862 (nor-l). which

normally accumulates this intermediate. These data confirmed that [as-IA is directly involved in AFBI

synthesis. The predicted amino acid sequence offax-IA showed a high level of identity with extensive regions

in the enoyl reductase and malonyI/palmityl transferase functional domains in the beta subunit of yeast fatty

acid synthetase. Together. these data suggest that firs-IA encodes a novel fatty acid synthetase which synthe-

sizes part of the polyketide backbone of AFBI. Additional data support an interaction between AFBI synthesis

 

 

and sclerotium development.

 

Aflatoxins are polyketide-derived secondary metabolites

that are produced by strains of the imperfect fungi As/x'igillas

parasiticus and Aspergillus flat-us. Allatoxins are highly toxic.

mutagenic. and carcinogenic in a variety of animal species and

are suspected carcinogens in humans (l I). Peanuts. treenuts.

corn. cottonseed. and other important crops are occasionally

contaminated with aflatoxin as a result of infection by toxigenic

aspergilli. An understanding of the allaloxin biosynthetic path-

way may result in the identification of strategies to inhibit

aflatoxin contamination of plant-derived products at the pre-

harvest level.

Aflatoxin biosynthesis is pmposcd to begin with the conden-

sation ol acetyl coenzyme A and malonyl coenzyme A via a

polyketide synthetase (PKS) to form the decaketide nonin-

throne (4. l0). Alternatively. a six-carbon fatty acid. hexanoate.

is lirst synthesized by a fatty acid synthetase (FAS) and then

extended by a PKS to generate noranthrone (22). Noranthrone

is oxidized to norsolorinic acid (NA). which is converted to

aflatoxin BI (AFB!) through a series of pathway intermedi-

ates. including averantin (AVN). averufanin. averulin. versico-

nal hemiacetal acetate. versiconal. versicolorin B. versicolorin

A (VA). demethylsterigmatocystin. sterigmatocystin (ST). 0-

methylsterigmatocystin (OMST). and AFBI (4. Hi).

Several genes encoding enzyme activities or regulatory pro-

teins involved in AFBI biosynthesis in A. [airman-us and A.

flavus and ST biosynthesis in Aspergillus nirlulmis have been

cloned (6. 24). These genes are clustered in a (iS-kb region on

one chromosome in A. parasiticus and A. [locus (25. 26). Tran-

script mapping analysis identified three other genes in the

cluster encoding large transcripts (7.5. 7.0. and 6.5 kb) which

'Corresponding author. Phone: (5l7)-353-9(i24. Fax: (SID-353-

8963.

t Present address: DNA Unit. Michigan State Police. E. Lansing. MI

48823.

 

l9l

appear to be involved in AFBI biosynthesis (25). Gene disrup-

tion and nucleotide sequence analyses of pksA (7.0-kb tran-

script) suggested that it encodes a PKS involved in synthesis of

the AFBI polyketide backbone (7. 25).

This study focuses on [as-IA. which encodes the 7.5-kb tran-

script. Analysis of [as- IA mutants combined with nucleotide

sequence analysis strongly suggests that this gene encodes one

subunit of a novel FAS directly involved in synthesis of the

AFBI polyketide backbone.

MATERIALS AND METHODS

Strains. plasmids. and culture conditions. Plasmid DNA was propagated in

Iulimilmi ml: llll‘ii (l2) and piirilied by an alkaline lysis procedure (I8).

l'lasiiiiil pit/.3 K (see l’ig I) umlaitts a 3.3 kb IzriiRl subclone oi cosmid NorA

inserted into the luiRI site of plasmid pltliiescriptllSK( --). I’lasrnid pAl'SaX

(lie I) contains .iii N kb Sm l subclone of cosmid NorA inserted into the Karl

site ol pllliieseriptllSl“ H)

.-t ,NHHW'H'U‘ SUI (A'l‘('(' $1075. NRRL 5862) served as the allatosin~pro-

doting \sild-tipc strain .l [manila m IltiZ (iiiul) nut-I hrl [8]). derived from .l

pmmmi m A l(‘(. I-lti‘ll (lb). was used lor isolation of mutants created by UV

mutagenesis and for gene disruption experiments. "ti! accumulates NA and

retains the ability to produce low levels ot AFlll (live- to eightlold less than

5U l )

Methods tor the maintenance of fungal strains and preparation of conidial

stocks and descriptions ot the liquid and solid growth media used [or production

(VLS) and analssis (coconut agar medium ICAMl [2]) ol allatosins have been

reported prexioiislv (35)

[TV mutagenesis. (‘onidia in sterile water (llf‘ per ml) were exposed to up to

I" sequential doses ol UV light at ltllJlII pJ per the (UV Strataliuker'.

Stratagene). Mutants lacking NA synthesis were obtained after irradiation with

sesen doses (UVM7) or eight doses (UVMR).

Metabolite eons ersinn studies. Metabolite conversion studies with whole cells

were conducted as described by llhatnzigar et al. (5) and Adye and Matelcs ( l ).

One gram (wet weight) ol washed mycelia from UVMT or UVMX was incubated

tor I: h with constant shaking ( lit) rpm) at 28°C in the presence of acetate ( Lilll

pg). NA (in pg). AVN (to pg). VA (to .13). ST (5 pg). or OMST (5 pg).

Allatmins were waived by thin-layer chromatography (TLC) and quantitatcd

by densitomeirs (Shimadzu dual-wavelength TLC scanner model CSOIIIM) as

described by Bhatnagar et al. (5).
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FIG. I. DNA fragments used for complementation of UVMlt. Seven DNA

fragments. represented by solid litres. were used in complementation experi-

ments. Only insert DNA is shown. Complementation (Comp) of UVMlt is

shown for each fragment. Unlabeled restriction endonuclease sites are EcoRI.

Other sites are Surf (s) and Xhal (ii). The thick arrows represent the size and

orientation of transcripts from nor-I. ier-IA. rer-lfl. and [as- IA. The numbers 2.

l. and ti on the maps for cosmids NorA and Norll and subclone-s pAPXble and

MM are EcoRI subclones used in nucleotide sequence analysis. The small

arrowson the NorA map show the approximate length and direction of sequenc»

ing to generate the data shim in Fig 6. The dotted litres on the maps of cosmid:

Ver2. J. and 4 represent unmapped regions.

Genetic cemptemewtatian: transformation of fungal proteplaats and analysis

iWclones. Protoplasts were transformed by a polyethylene glycol

micedure (2t). Plasmid pSUtZ crmtains the nitrate reductase gene are!) (l3).

used as a selectable marker for cotransformation. The cosmids used in comple-

mentation experiments (Fig. I) were isolated in a previous study (15): cosmid

NorA Contains nor-I and irr-IA (l7); cosmid Noel! contains nor-I on a Zl-kb

DNA fragment that overlaps with NorA; and cosmids Ver2. Ver3, and Ver4

contain all or part of a l2-ltb duplication of the ier~lA a/tR region on cosmid

NorA. iii-fill}. a nearly identical copy of oer-IA. is «attained in this duplicated

region ( l7). Cosmids or subclones were added in 2- to Ill-fold molar excess over

36W. mo ' transformants. selected by growth on Clapel: Dos (CZ) medium.

were transferred to CAM to screen for aflatoxin and NA accumulation.

A-lyaea of atlntaaln production in transformants by TLC and ELISA. Alla-

tmin and NA produced by the recipient strain 862 and [us-IA disruptant: were

quantitatcd by TLC and enzyme-linked immunuaorhcnt away (ELISA) by the

method of Trail et al. (2.1)eacept that cells were cultured for 65 b instead of 72

h.

Genomic DNA lanktian and Southern analysis. Genomic DNA was prepared

by a Wished modification (Id) of a phenol-chloroform protocol developed for

mammalian DNA (3). Restriction endonuclease: were purchased from New

England Biolabs or Boehringer Mannheim Biochemicals “:P-labclcd DNA

prtilu were generated with the Random Primed DNA Labelling Kit from

Bochringer Mannheim Biochemicals. Southern hybridization analyses were mn-

dtcted by standard [micedures (3).

Scientia- production. Approximately ltl‘ conidia were center inoculated

onto petri plates containing 20 ml of CAM. Plates were incubated in the dark at

28'C for 7 days Sclerotia were harvested and counted by a modification (l9) of

the method of Cotty (9). Sclerotial diameters were measured with a Java video

analysis system (Jandal Corp. Cone Madurai. Calif).

TABLE I. Conversion of metabolites to AFBI by whole cells of

two mutant strains of A. parasiticus

 

Mean AFBI produced" (pg/mg of

 

 

Metabolite m mycelium [wet wtl)

(“3) uvm uvm

None ND ND

Acetate 1.000 ND ND

NA 10 0.39 1' 0.“ 0.23 3'. 0.“

AVN to 21 z 0.6 1.6 2 0.4

VA 10 3.4 t 0.9 4.1 2 0.6

ST 5 3.1 I 0.2 2.8 I 0.4

OMST s 4.6 : 1.0 5.1 2 0.8
 

' Mean of two experiments with two replicates each ND. none detected.
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FIG. 2. TLC analysis of cell extracts from UVMtl complementation experi-

ments. Lanes: I. UVMK; 2. UVM7; 3. 362; 4. UVMtl transformed with

pAPXble; 5 and 6. two UVMll isolates tramformed with pAPSali; 7. NA stan-

dard (arrow labeled Nor): ll. AFBI standard (arrow labeled AFBI). The band

immediately below AFBI in lanes 2. 3. 4. 5. and 6 is AFGl.

Nucleotide sequence analyses. Nucleotide sequence analyses were conducted

by DNA Technologies. Inc.. Gaitherxburg. Md.. on three ctr-amid NorA subclones

containing [as-IA (clutter 2. l. and ti (Fig. ll) (25). Nucleotide sequena data

were analyzed with the Wisconsin Genetic Computer Group (GCG) software

package. The locations of intruns and open reading frames were predicted by

using GCG programs Frames TcstCode. and Codonf’reference. Comparisons of

the predicted amino acid sequence rifles-IA with sequences in the EMBL and

Gcnllanh datatm were unidiicted with TFastA and Gap. .

Nncieatideaqneneeaceuaiannnmbu.1‘heacu=mim numberforlas-IA is

UtilttJ.

RESULTS

Isolation of UV mutants UVM7 and UVMB. UVM7 and

UVM8. derived from A. pumsr'u'cas 862. no longer accumu-

lated NA (red-orange pigment) or AFBI (blue fluorescence)

on CAM. UVM7 produced nonpigmented mycelia. and

UVM8 produced a bright yellow mycelial pigment that was

secreted into the growth medium. Loss of AFBI and NA wu-

thesis was confirmed by TLC analysis (data not shown). Inabil-

ity to grow on CZ medium indicated that these mutants re-

tained at nonfunctional niaD allele.

Metabolite conversion studies. UVM7 and UVM8 con-

verted VA. AVN. ST. and OMST to AFBI but could not

convert acetate to NA or AFBI (Table l). suggesting that they

were blocked prior to nor-l (the product of nor-l converts NA

 

 

ran-a
Ecol!

can taunt cura\ \(M iiiirna care “(will
A A A ‘ JD 4

a i : t :

Ema 1.4-ta 1.4-b on em

FIG. 3. Gene disruption of[es-IA. Recombination between the 2.8-kb insert

inpRZZ.8(sotidarea)andthehorrrologornregioninks-M(solidborr)intlre

genome generates Hindlll restriction fragmentsof the sizes indicated on the map

labeled disrupted genome (the probe is the 2.8-kb insen). Nondisrupted strains

have Hindlll fragments of the sizes indicated on the map labeled genome.
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FIG. 4. TLC analys'n of cell extracts from Disl. -Z. and -J. lanes: I. NA

standard:1 extract from 862: J. 4. and 5. extracts from Disl. -Z. and -J. respec-

Iivciy.

to AVN). The mutants converted five— to eightfold more AVN

to AFBI than NA. suggesting that they retained the IIor-I

genotype and were therefore blocked at two sites in the AFBI

pathway. nor--l and far-IA.

Complementatiott of UVM8. UVM8 was cotransformed with

plasmid pSUIZ plus one of five cosmids or cosmid subclones

(Fig. I). Cosmids NorA and NorB complemented both path-.

way mutations in approximately I% of the IriuD‘ transfor-

mants in two separate experiments. resulting in synthesis of

AFBI. Cosmids Ver2. Ver3, and Ver4 and plasmids pAPXblS.

containing a I5-kb subckinc of cosmid 698 (It). and pSlJlZ

(control) failed to complement UVM8.

Cloning offar-IA. A ZX-kb Xbul subclone of cosmid NorB

(pAPXb28 [Fig ll). which carried the Zlvkb overlap between

hese clones. complemented fax-IA and nor-I or fax-IA akine

in strain UVMil. resulting in transformants which produced

AFBI (6 of I60 nI‘aD‘ transfonnants) or NA plus small quan-

tities of AFBI (five- to eightfold less than SUI) (l of I60

niaD‘ transformants). respectively. Comparison of the restric-

tion endonuclease maps of cosmids NorA and NorB and plas-

mids pAPsztl and pAPXblS localized [as-IA to three con-

tiguous EcoRI subclones of cosmid NorA (clones 2. l. and 8

[Fig. H) An 84th Sad subclone of cosmid NorA (pAPSaX)

containing clones l and 8 and part of clone 2 was used with

plasmid pSUiZ to cotransform strain UVMX. Two of 30 niaD‘

transformants accumulated NA on CAM. suggesting that

pAPSa8 complemented [as-IA (and not Imr-I) in UVMII. Con—

trol transformants (pSUlZ only) did not produce NA on CAM.

TLC analysis of the recipient strain and transformed isolates

(Fig. 2) determined that UVM8 failed to produce detectable

AFBI or NA. whereas UVMII transformed with pAPXbZil

produced AFBI. UVMII transformed with pAPSa8 produced

NA and AFBI at levels similar to those of the nor-I mutant A.

parasiliais 24690. UVM7 produced low levels of AFBI and

aflatoxin GI (AFGI). suggesting that the mutations in UVM7

and UVMS are not allelic.

Gene disruption of[as-IA. Transcript mapping analysis pre—

viously localized a 7.5—kb transcript to the [as-IA locus (25)

(Fig. I). A 2.8«kb EcoRI cosmid NorA subclone (pR22.8 [Fig

3]) from the middle of the 7.5—kb coding region was used to

disrupt fax-IA in strain 362. an NA-accumulating strain. Ap—

proximately 4% of the m'aD‘ transformants failed to produce

detectable NA or AFBI when grown on CAM. suggesting that

they were [03--IA disruptants. All pSL82 transformants (con-

trol) produced NA on CAM. No transformants were obtained

in the absence of plasmid DNA.

Three putative [05-IA disruptant clones. Disl. Dis2, and

Dis3, were subjected to TLC (Fig. 4) and direct competitive
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1.15 cog..-

”HG5ISIIIIIMM.hyiiridization analys'emf Di\l.-2.and -J. Genomic DNM

 

2.8-kb Ele insert from pllLll a a puil'xl'.Arrowheads show the sizes of

sin.\tmma ers:

I2. and J. genomic DNA isolated from Disl. -1.:nd-J.ri. “ivelir. 4 and S.

manic DNA from IIiiIIJ'. NA-accuinttlating transformants (nondisntpted

strains).

 

ELISA analyses. Disl. —2. and -3 did not produce detectable

NA or AFBI. whereas B62 transformed with pSUQ (control)

accumulated NA and low levels of AFBI. Direct competitive

ELISA confirmed that 862 transformed with pSUlZ (control)

produced lull-fold more AFBI (3 to 5 pg/ml) than Disl Dis2.

and Dis’l (0.002 to (LOIS nglml; near the limit of detection).

Strain SUI (wild type) produced approximately 6.(Ill-fold

more AFBI (ltltl pig/ml) than Dist. -2. and -3 and approxio

mately 2Il-fold more AFBI than strain [361

The disruption of[us-IA in Disl. -2. and -3 was confirmed by

Southern hybridization analysis with the "zP-labeled 2.8-kb

EcoRI fragment of pRZZ.8 as a probe (Fig. 5). Genomic DNA

isolated from Disl and Dis2 contained the expected IA- and

4.3-lib HI'IIdlll fragments (Fig. 3) in addition to the 3.4-kb and

2.7-Itb fragments present in the recipient strain [362. Dis3 con-

tained only the 2.7-kb DNA fragment. suggesting that genetic

recombination between tandem copies offus— IA resulted in the

deletion of part of both copies of fax-IA plus the vector se-

uences in between. The deletion was not due to a precise

excision of pRZ2.8 because the 3.4-kb HiIIdll fragment was

deleted and becausefax-IA remained nonfunctional. The same

filter was reprobed with ”P-labeled pBluescriptllSK(—) (data

not shown). which hybridized to a 4.2-kb HI'IIdlII fragment. as

expected. in Disl and Dis2 but not in Dis]. consistent with the

hypothesized deletion event. The vector DNA hybridized to a

2.8-kb HiIIdlll fragment in all three disruptants. as expected.

because of the integration of pSUlZ (which contains pUCl9) at

the niuD locus. Southem hybridization analyses on identical

TABLE 2. Sclerotium production in A. [xII-IIsI'IictIx

 

 

. . Nani ‘ Av diam"

strain“ sclerotia" (gum)

I362 till" 470 : IJII

SUI (Afl‘) 2.400 470 z 90

Disl 3.000 490 : I40

DisZ lell 46" 1 tot)

Disl 5.4th 460 : tot)

 
' 862Is the recipient strain usedIn the [Iii- IAldisruption etperiment SUI is

an aflatoxin--piiiduu'ng wiIII-type.straIIt. Disl. and -J an: three [as- IA dis-

ruptaiits selected for further study.

eanstofttwo experimeulu



I94 MAHANTI ET AL.

A. Enoyl Reductase

Mr...“ . r r: u t t

I.

0L

0”

n
o
‘

o
—
a

u
a

a
—

4
.

f
.
.
.

O r a
.

O )S.e. In!

A.. Ins-IA v

F

'
I
-
t

r
-
—
-

3
°

2
z
-
:

-
r
—
-

<
-
'
¢

'
.

a
-

11r
—
-

o
-

.

3 a
:

P

l

Se. test P

1

A4. tee-IA v

.

P
-
-
.
"
'
-

:
-
a

a
-
a

-
o
n
‘

)
—
I

n
o
.

o
n
.

‘
0
.
—

0
"
.

“
—
O

a
-
-
-

(
o
n
!

X I
'
l
l
-
C

G
—
n

‘
-
9

U )
—
I

3
-
?

0
-
3

a
n

-

Se. [at

“
‘
0

3

2
-
2

hp. Ins-IA

O
—
o

t
i
t
—
O

g
.
.
.

.
.

O
-
B

"
I
N
A

1
—
‘

.
q
—
.
.

a
—
q

O
-
o

:
—

a

r
-
—

z
-
:

x
—
r

m
—

o

‘1
'!

S.e. last

A..». Ins-IA .

a
n

>
—
-

U
—
I
-

W
I
—
Q

D
'

2
-
(

‘
l
I
—
Q

)
—
-
I

2 O
—
a

0
.
8

d
o

2
-
3

4
"
-

<
-
~
<

S.c. In!

An. tut-IA

0 0
—
3

1
—
-
-

’ <
.
.
-

I
I
I
-
-

1
—
-
-

-
t
—
-

x
.

r
—
-

S.e. In!

‘
a
n
!
’

‘
—
‘

An. loo-IA

D O =
-

1
-

e

F 8
-
3

2 '
0
-
9

‘
fl
—
'
§

(
O
I

v
-
n

<S.e. in!

I
‘
—
§

O
—
Q- .
-

P
e
e
-Ap. fat-IA

O
—
o

O
—
n

I m
—
e

‘
.

S.e. In! <
—
¢

s
o
-
.
i

A4. tee-IA

<
-
¢

0
-
3

ap

1

S.e. fuel

i
s

Ly. tan-IA

“
—
-

P
a
n
‘1'

N

11

S.c. In! H A

8
1
-

B. MIP Transferase

A4. Ina-IA It 8

-
t
—
~

O
—
I

<
-
<

1
—
q

O 0
—
0

F ,
n

S.e. [at H

17

s

l

5

A4. Ian-IA

0
-
.

”
-
0

<
—
~
¢

’
0
'
“

,
-
I

O
-

O
—
u

r
-
-

33. (at

A... loo-IA

a
.
.
.

2
—
~

‘
e
o
a

,
-
.

)
-
0

s
t
—
a

S.e. (at

A... tan-IA

P

I
p

SI

I

I

1.53.1351 OTVTNVLNF KLQK

‘
,
u
‘
=
Z
e
o
‘

yrnrvplt

titraxitur

959f999

I|I|l==

cscsosn

O )

t
o
: q

-
m

m
—
o

-
r

<
-
¢

IICIVOI

lOSYSLL

r t

l

L

V

X
—
r

heltqple

0| 0 D I

DSSSVSED

92

APPL. ENVIRON. MICROBIOL.

o
n
.

C
.
.

“
n
o

t ‘

.

O
-
fl

a
-
q

O
—
n

O
—
d

O
-
G

1
-
2

2
—
2

0
—
3
-

I
l
l
—
O

)

8
+

2
—
:

‘
—
-
§

) r
—
-

0
—
8

0

n
o
-

u
o
‘

Z
-
i

1
—
-
-

:
°
_
.

0
-
a

o
-
a

a
l
.
—
a
n

< "
—
‘

a
—
n

<
-
¢

3
'

M

I I
.

X 1
-
I
Q

o
n
.

-
<
-
~
¢

‘
—
‘
I

‘
-

{
-
3

‘
-
—
‘

,
-

n
o

.
4

0
—
0

m
-

o
.

a
.

x
-

I

1
—
‘

q
—
a
o

5
—
0

0
-
0

-
u
g

<
-
<

a
l
.
—
a
.

-
e
e
‘

'
n
—
n ' .

‘

x
'

3

a
—
~

a
u
a
‘

o
-
‘

‘
<

.

-
0
.
‘

"
"

2
—
~

r
-
-

1
.

:
z
-
:
:
<
—
<

_
N
,
_
.
N
a
.

3

a
.

a
3
’

1
"

:
—

‘
0

2
0
0
‘

S
—
~

u
.
-

.
-

x
:
‘
0
0
-

V5”
—
a

r
-
—
-

“
-
0

dlt

m
u
n
.

-
t
-

I

)
—
n

<
I
.
-

1
1
u
~
<

,
e
e
‘

0 “
n
o
-

r
o
o
‘

DE3

N
’
.

0

”
—
q

fl
—
n

a
.
-
.

r
-

"
1
-
.

o
.
.
‘

)

P
u

)
-
I

<
-
<

o
-
a
g
z

.
a
. S
o
-
n

«
-

C
O
-

O
°

9
‘
n
—
-

.
.
a

< a
.

:
0
.
-

I
‘
X

<
2
-

:
m
-

; N
-
.
.

3
-
3

1
1
1
-
.

)
—
I

)
'
D

‘
n
—
-
-

m
-
o

D
I

P
-

“
—
0

‘
-
A

a
.
.
.

>
-

4
a

fi
l
l
—
-

)

‘
6
.
.
.

-
E
:
—
:

l
'

9

0
-
0

3
—
3

0
—
3

‘
-
‘
B

2
—
~

0
'
3

”
I
.

“
I

2
.
0

.

<
-
<

0
.
.

3
‘
3

8 ‘
-

VAVa
—
-

4
0

r

6
5
-
:

l
-
u

a
.

<
-
<

m
—
o

-
e
.

‘

<
-
¢

z
-
a

<
—
~
<

8
-
3

2
.

o

o
—
a

o
—
a

<
—
<

<
-
¢

)
—
-
n

a
—
n

O
-

9

P
H

e

a
l

‘

P
.
.
.

1133

FIG. 6. Gap (CCU) comparison of A, prmm'rr'rm fut-M and S. rrrn'itim- I545] products ( I5). Predicted amino acid sequences encoded in two regions ol [us-IA were

compared with lunctional domains in the yeast I’ASI gene product by using the (KB soltwarc (iap. (A) (iap analysis ol the enoyl reductase lunctiunal domain. The

[nutritive active-site motif is highlighted. (II) (Bap :tmtl)\t\ ot malonylpalmityl (M/l’) translerase lurwtional domain ’lhe putative active-site residue (serine) is

highlighted Numbers in the yeast amino acid sequence are those reported by Kottig et al. (I5) Vertical lines between residues in the comparison represent identity.

two dots represent more highly crmserved substitutions. and a single dot represents less highly conserved substitutimrs.

genomic DNAs digested with Seal confirmed the llr'ndlll data

(not shown).

Sclerotium development. Disl and I)is2 produced four- to

fivefold and Dis3 produced approximately ninclold more scle-

rotia than I362 (Table 2). The number of sclerotia produced by

the aflatoxin-producing strain SUI was similar to that pro-

duced by Disl and Dis2; however. Dis3 produced twofold more

sclerotia than SUI.

DISCUSSION

Because [as-IA is necessary for synthesis of NA. this argues

that [as-IA encodes either noranthrone oxidase (III) or an

activity involved in polyketide backbone synthesis. The large

size of the [us-IA transcript suggested that it might encode a

multifunctional protein. similar to pier/1 (7. 25). Nucleotide

sequence analysis was conducted on two extensive regions of

fax-IA to determine if predicted amino acid sequence data
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might provide clues about far-IA function (Fig. 6). Compari-

son of the predicted amino acid sequence of the far-IA product

with proteins in the GenBank and EMBL databases with the

TFastA program detected a high level of identity with FASI

proteins from Saccharomyces cerevisiae and Yanowr'a Iipolyrica

(l5). FASI encodes the beta subunit of FAS. a protein which

contains four functional domains typical of FASs. including

(from amino terminus to carboxyl terminus) acetyltransferase.

enoyl reductase. dehydratase. and malonyl/palmityl transferase

(IS). A 435-amino—acid region in the [as-IA product displayed

40% identity and 58% similarity with the enoyl reductase do-

main in FASI. while a l59-amino-acid region displayed 47%

identity and 69% similarity to the malonyl/palmityl transferase

domain (including the active-site residues). These two domains

appeared in the same relative position and order in the [us-IA

product as in FASI. These data strongly suggest that [as-IA

encodes the beta subunit of a yeast-like FASI and support our

new designation for this gene. [as-IA (formerly m'mx).

Townsend et al. (22) proposed that hexanoatc, a six-carbon

fatty acid. was the starting molecule for polyketide synthesis

because NA. the first stable intermediate in AFBI synthesis.

contains a six-carbon “tail" in which two keto groups are com-

pletely reduced to hydrocarbon. Hexanoatc was proposed to

be extended to noranthrone. without further ketoreduction. by

a PKS. Our data support this model; the firs-IA product is

proposed to synthesize hexanoatc (or a similar fatty acid

starter unit). while the pks/t product extends hexanoatc to

noranthrone.

Trail et al. (25) reported that the [us-IA transcript accumu-

lates under aflatoxin-inducing conditions with the same pattern

as nor-l and tier-I (20), suggesting that fax-IA. like nor-l and

l't’f-I, is involved in secondary metabolism. Disruption of

[as-IA in the current study had no apparent effect on the

growth of A. [xrrrrsilicns on CZ. a defined minimal growth

medium that contains no added fatty acids. Together. the data

suggest that final/1 is involved in AFBI synthesis and not in the

synthesis of fatty acids required for growth.

Disruption of[03— IA also enhanced sclerotium development

compared with the parental strain I362. a phenotype similar to

pits/1 disruptants (25). Since no AFBI pathway intermediates

accumulate in Disl. DisZ. or Dis3 or pier/1 disruptants. the

accumulation of certain pathway intermediates (ie.. NA. AVN.

and VA) appears to downregulate sclerotium development.

This hypothesis is supported by previous observations. Strain

CSlll (ver-l er-I pyrG), which accumulates VA (an interme-

diate near the middle of the AFBI pathway). produces few

sclerotia on CAM at 30°C (l9). Complementation of CSltl

with ten] restores wild-type levels of AFBI synthesis and scle-

rotium production. The nature of the interaction between

AFBI synthesis and sclerotium development remains unclear

and deserves further study.
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Appendix B - Sequence analysis of the A. parasiticuspyrG

The absence of a sexual cycle in certain species has made the production of

mutants and subsequent isolation of genes a diflicult prospect. Several Aspergillus spp.

including A. parasiticus and A. flavus fall into this category. Fortunately, transformation

systems have been developed which allow the introduction ofnaked DNA to 1)

 

complement mutations of interest and 2) restore the fimction of a marker gene. Two "E

common marker systems use the complementation ofmutant genes encoding nitrate

reductase (niaD) (Wu and Linz, 1993), and orotidine 5'-monophosphate decarboxylase :

(pyrG). ThepryG is responsible for the conversion of orotidine 5'-monophosphate to L

uridine monophosphate during pyrimidine biosynthesis (Skory, 1992). Auxotrophic

strains require media supplemented with uridine to grow. Without it genomic replication

cannot proceed. Transformation of these strains with a functional pyrG results in

conversion to prototrophy. This particular marker system is useful because it is eflicient.

Skory reported that he was able to obtain 30 to 50 stable transformants per ug DNA with

no background growth (Skory et al, 1990). This transformation system has been used in

many species including A. nidulans (Oakley et al, 1987), A. niger (Wilson et al, 1988), A.

flavus (Woloshuk et al, 1989), A. parasiticus (Skory et a1, 1990), S. cerevisiae (Rose et

al, 1984), Neuropora crassa (Glazebrook et al, 1987), and Penicillium chrysogenum

(Cantoral et al, 1988). The nucleotide sequences ofpyrG from each ofthese species have

been published with the exceptions ofA. flaws and A. parasiticus. By sequencing the

third clone of the cosmid NorA (by DNA Technologies) 2700 base pairs of A. parasiticus

pyrG was determined (Figure 19). Subsequent alignment of the pyrG genes at the amino
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acid level is presented in Figure 20. The identity between A. parasiticuspyrG and those

from the other species ranged from 78% with A. nidulans down to 38% with N. crassa.

Also, the proposed intron common to all ofthe publishedpyrG sequences appears to be

present in this sequence as well.
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Figure 19. Nucleotide sequence of the A. parasiticus pyrG.
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Figure 20. Amino acid comparison of the A. parasiticuspyrG (AP) with homologous

genes from A. nidulans (AD, 78% identity), P. chrysogenum (PC, 74% identity), A. niger

(AG, 66% identity), P. ohmeri (PO, 43% identity), S. cerevisiae (SC, 43%) and N. crassa

(NC, 33% identity).
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APPENDIX C

 



Appendix C - Protocols used in promoter studies

The identification of regulator genes such as afl-R is one key in the successful

utilization of a genetic approach for eliminating aflatoxins from the food chain. This,

however, is only part ofthe battle. It is necessary to identify how the regulators work.

Do they act in a positive or negative manner? Do they act at one site or several? Because

the aflatoxin pathway is regulated at least in part at the level oftranscription it is

reasonable to assume that there are regulatory factors involved in some aspect of

transcription. It may also be safe to say that this regulation occurs at the promoter region

of one or more genes in the pathway. Studies investigating the proteins that bind

promoters of known aflatoxin genes may identify key regulators of the pathway. These

studies not only would attemp to identify the factors involved but they would also define

the specific sequences they bind. To do these kinds of studies the polymerase chain

reaction, nuclear extraction of proteins, gel retardation, and DNAase foot printing, will be

employed. The following are modified procedures for performing the above procedures

with the exception ofDNAase foot printing.

El l' [H I R |° I] I .1! .,.

Purpose: Extract proteins from the nucleus ofAspergillus parasiticus including possible

transcription factors involved in aflatoxin biosynthesis.

Modified from Timberlake (1986) and Nagata et a1 (1993).
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Materials

All materials should be autoclaved and/or treated as indicated prior to use.

250ml GSA bottles

SS34 tubes

Spatula and/or rubber policeman

10ml pipettes

4L filter flask(s)

Buchner fimnels (1 or 2 for a 4L flask, 1 or 2 for a 1L flask)

Glass beads

Mira cloth

Cheese cloth

The followingreagents should be stored at 4°C or kept on ice while being used.

Distilled water

10XSSE salts: 1.0M KCl, 0.1M EDTA, 0.1M Tris base. Make stock of this and

autoclave. Just prior to using add Sperrnidine to 0.04M and Spermine to 0.04M. Adjust

pH to 7 with HCl.

1.0XSSE salts (made just prior to use): Combine 100ml of 10XSSE salts with lml B-

mercaptoethanol, 171.2g Sucrose, and 10ml ofPMSF (0.1M in 95% ETOH). Bring to

one liter.

Nuclear Extraction Bufl'er: 10% glycerol, 0.015M Hepes-KOH (pH7.9), 0.5M KCl,

0.005M MgClZ, 0.5mM EDTA. Make a stock ofthis and autoclave. Just prior to using

add 0.001M DTT, 0.5mM PMSF, and two ofthe following (to long/ml each) antipain,

chymostatin, leupeptin, and/or pepstatin.
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Dialysis Bufi‘er (prepare just prior to using): 15% glycerol, 0.015M Hepes-KOH (pH7.9),

0.1M KCl, 0.001M EDTA, 0.002M DTT, 0.5mM PMSF, and two ofthe following (to

long/ml each) antipain, chymostatin, leupeptin, and/or pepstatin.

Method

1. Inoculate four 1L flasks containing 500ml medium’ with 5x10“ spores each.

2. Incubate the flasks 46 hours in the dark at 29°C while shaking at 150 rpm.

3. Harvest the mycelia by vacuum filtration through one layer ofmira cloth in a 4L

Buchner funnel. Wash the mycelia with chilled water and vacuum dry.

4. Remove the mycelia fi'om the 4L Buchner fimnel and place into a 250ml GSA bottle.

5. Add 1.0XSSE and mix with a spatula or rubber policeman until a slurry is formed.

6. Using the bead beater. Fill the bead beater container half to two thirds fiill with glass

beads’. The actual amount depends on the volume ofthe slurry. The more the slurry the

less the beads (note: the container must be at least half full of beads). Add the slurry.

Add 1.0XSSE until the bead beater container is full. Insert blades and secure with collar.

Add ice to the collar and blend as follows: blend 45 sec, set 30 sec, blend 45 sec, set 30

sec, blend 30 sec, set until beads settle to bottom of container.

7. Gravity filter the slurry using a 1L Buchner fimnel containing four layers of mira cloth

covered by two layers of cheese cloth°. The supernatant should be collected in a 250ml

GSA bottle which is surrounded by ice. To speed up this filtration two 1L Buchner

fimnels may be used.

8. Rinse beads in the bead beater container. Add 1.0XSSE to the bead beater container.

Insert blades and secure with collar (ice is not necessary). Run bead beater for five to 10

seconds. Let the beads settle. Add the slurry to the IL Buchner funnel(s) from the



103

previous step.

9. Centrifuge the GSA bottle(s) at 8000rpm (using the GSA rotor) for 20 minutes at 4°C.

10. Discard the supernatant. Resupend the pellet in 30ml 1.0XSSE using a spatula or

rubber policeman.

11. Transfer the suspension to Oakridge tubes (S834 tubes). Centrifuge at 8200rpm for

20 minutes at 4°C. The point ofthis centrifiigation is to obtain a pellet and a clear

supernatant by repeating this step as many times as it takes. It may be more correct to say

that performing this centrifiigation a total of three times is best. This is due to the fact that

sometimes the first centrifugation will yield a clear supernatant, whereas other times a

clear supernatant is not obtained even afier four centrifiigations. Because ofthese

inconsistencies and trial and error three times should suffice. After each centrifugation

decant the supernatant and resuspend the pellet in 1.0XSSE.

12. Resuspend pellet in five to 10ml of nuclear extraction buffer. Put tubes in ice and

rock on platform shaker for 30 minutes.

13. Transfer suspension to ultracentrifirge tubes (for rotor T8651). Centrifuge at

36,500rpm for 60 minutes.

14. Decant the supernatant to 15ml conical centrifuge tubes by puncturing the

ultracentrifuge tubes with a high gauge needle. To get the entire supernatant out ofthe

tube it may be necessary to carefirlly (so as not to disturb the pellet) cut the top ofthe tube

ofl‘with a pair of scissors.

15. Transfer the extract to dialysis tubing (molecular weight cutofi‘ 3500).

16. Dialyze in dialysis bufi‘er overnight.

17. Decant tubing into S834 tubes. Centrifirge at 11,200rpm to pellet debris
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(clarification).

18. Transfer supernatant to a Centriprep 10 concentrator (Amicon). The instructions

with these concentrators say to centrifuge approximately 45 minutes. This does not take

into account the temperature (4°C) and the glycerol content ofthis sample. Because of

the lower temperature and higher glycerol content used in this procedure the times will be

tremendously increased. This concentrator is only capable of handling 15ml at a time.

You will need to centrifuge using a GSA rotor at 4300rpm (3000xg) for a couple hours.

At that time add more ofthe extract and continue centrifugation. Continue to do this until

all ofthe extract has been added. Centrifuge until approximately one or two ml of extract

remains. This may take an overnight centrifugation.

19. Determine the concentration ofthe extract using the protein concentration assay from

Biorad.

20. Store extracts at -80°C.

’Possible media are Glucose Minimal Salts (GMS) used to induce aflatoxin production.

Peptone Minimal Salts (PMS) used to supress aflatoxin production. Nitrate Minimal Salts

(NMS) used to delay aflatoxin production. NMS is the same as GMS except the sole

nitrogen source is NaNO3.

*The glass beads are prepared by soaking in 0.5M HCl (to clean) then rinsing with

deionized water (to remove HCl). The beads are ready to be dried when the pH ofthe

rinse water reaches approximately 7.0.

°The mira cloth and the cheese cloth used in this step are prepared by boiling in EDTA

three times followed by boiling in distilled water four times then dried.
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I I CI . R |°

Purpose: Amplify specific segments ofDNA which are suspected of serving as promoter

regions for aflatoxin genes.

The following is a list ofreagents used in the reaction mixture for PCR.

 

 

 

 

 

 

 

 

 

   

Reagent Volume/sample

DEPC water (To 50uL)

MgCl2 (25mM) 6uL

lOXPCR buffer II SuL

dNTP mix (lOmM) 4uL

Primer 1 (200ng/uL) luL

Primer 2 (200ng/uL) luL

Taq Polymerase (Sunits/uL) luL

DNA template (200ng) ?

Total volume 50uL  
 

These samples are then placed in a therrnocycler (Perkin Elmer) and subject to the

following conditions.

-Hold at 95°C for five minutes.

-Cycle the samples 30 times through

95 °C for one minute

60°C for one minute

72°C for three minutes

-Hold at 72°C for 10 minutes

-Hold at 4°C until removed
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(This may be replaced by Qiagen method) The products are then electrophoresed on a

0.8% agarose gel (containing ethidium bromide) followed by excision ofthe bands and

subsequent purification. These purified products are end labelled using the Ready-to-go

labelling kit (Pharrnacia Biotech) and y-"P ATP. Finally, these products are used in

mobility shift DNA-binding assays.

Ml'l'l Sl'fllDHl-B' l' l 11. GIEI I l .

Purpose: To determine if a fragment ofDNA is bound by protein(s) from a nuclear

protein extract.

From Current Protocols (Ausubel et a1, 1987).
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